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II 
Abstract 
Spectroscopic studies on the liquid phase dynamics and interactions of 
acetonltrite. 
Microwave and far-infrared spectra were used to study the angular 
motion of CHgCN molecules In the pure liquid and in the non-polar 
solvents carbon tetrachloride, benzene and n-heptane. The spectral data 
were analysed to give information on the static angular structure of the 
liquid and the rates of reorientational motion of the CH g CN molecules. 
The use of these two experimental techniques enabled the short and long 
time parts of the angular motion to be studied together using Fourier 
transform analysis of the combined microwave/far-lnfrared spectrum. Band 
moment analysis was performed on the mlcrowave/far-infrared band In 
order to obtain information on intermolecular torques. Gordon's sum rule 
o 
was applied to the spectra In an attempt to estimate what prop/tion of 
the band is due to the presence of collision Induced dlpoles In the 
CHgCN molecules. The reorientational relaxation rates and static angular 
correlation factors obtained from the mlcrowave/far-lnfrared spectra 
were compared with literature data on similar solutions obtained by 
depolarised light scattering experiments. 
The model for reorientational motion developed by Evans on the Mori 
formalism was fitted to the experimental spectrum of the pure liquid and 
the results discussed In terms of the parameters of the model. 
The v-| vibrational band of CHgCN was analysed when the molecule was 
subject to 'hydrogen bonding' interactions with methanol. An attempt was 
made to elucidate the processes which cause the vibrational band to be 
broadened in these solutions. The vibrational line shapes were analysed 
using the Kubo line shape theory for the rapid modulation limit. 
I l l 
my family and friends. 
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Chapter I. 
Introduction 
/ / < Q T S C I E N C E i>N\ 
(( 2 2FEBi1932 ) 
V S E C T I O N / / 
l.T General Introduction 
The structure and dynamics of simple molecules In the liquid state 
can be studied using various spectroscopic techniques. These include 
microwave dielectric measurements 1, infrared and light scattering line 
2 3 4 shape analysis ' . neutron scattering line shape analysis . nuclear spin 
5 6 relaxation and X-ray and neutron diffraction . The work presented In 
this thesis Is on microwave, far-infrared and Raman spectra of 
acetonitrlle; these spectra yield information about the intermolecular 
forces and torques which determine the motion and the nature of the 
motion Itself2. The microwave and far-Infrared studies are on the 
rotational motion of CH CN In different chemical environments and the 
Raman analysis is on the v ^ C - H symmetric stretch) vibration band of 
CHgCN when the molecule is subject to hydrogen bonding Interactions with 
methanol. 
1.2 Rotational Motion In Liquids 
Acetonitrile is a prolate symmetric fop molecule belonging to the 
C g v point group (see Fig.1.1). Rotation of the molecule in the condensed 
liquid state can occur In two ways: 
a) Rotation perpendicular to the Cg axis. In a liquid complete free 
rotation is prevented because the molecules are closely packed together. 
This motion is therefore restricted to small angle reorientational or 
'tumbling' motion. 
b) 'Spinning' about the C_ axis. 
Orientatlonal motion is largely determined by the nature of the 
molecular environment and so is expected to be very sensitive to the 
overall structural dynamics occurlng on the same time scale (10 ^ - 1 0 1 2 
2 
seconds) . Since the electric dipole moment of CH CN lies along the C 
2 
FIG. 1.1 
H 
- - H - £ C F = N C axis 
a) Diagram of the bonding in the acetonitrile molecule 
b) Diagram of the space filling molecule for acetonitrile^ 
axis reorientational motion causes a change in direction of the electric 
7 
dipole moment which then, according to classical electrodynamics . leads 
to an absorption of electromagnetic radiation from an applied electric 
field. This is observed in the mlcrowave/far-lnfrared region of the 
electromagnetic spectrum. Vibrationally excited molecules are also 
subject to reorientation enabling mid-infrared and Raman bands to be 
used in principle to study this motion (see section 1.5). The associated 
fluctuation in the molecular polarisability tensor leads to scattering 
of visible radiation enabling depolarised Rayleigh scattering and Raman 
spectroscopy to be employed in the study of reorientational motion (see 
section 1.5). 
The spinning motion does not lead to a change in direction or 
magnitude of the electric dipole moment or polarisability tensor; 
however, this motion will affect perpendicular vibrations of the 
molecule and so can be studied using the degenerate E-bands of CH^CN 
combined with N.M.R. spin relaxation data. This has been done by Possiel 
et a l 8 . 
1.3 Dielectric Relaxation 
9 
Debye began the study of dipolar orientational motion by observing 
the polarisation P. of the liquid In a weak applied electric field ; 
this is given by 
P ( w ) = x ( w ) E m ( w ) 1.1 
where P is the polarisation (moment per unit volume), the electric 
susceptibility and E m the average Maxwell field throughout the sample. w 
is the field frequency in radians per second. The permittivity of the 
sample is given by 
e ( w ) = l + 4 » r x ( w ) 1.2 
All quantities are field frequency dependent and hence complex. The 
polarisation consists of an induced part, due to electron cloud 
deformation by the electric field and an orientational part, due to the 
relaxation of the dipoles in the field. The complex permittivity can be 
written as 
€ ( u ) = e ' (w) - i e " (w ) 1.3 
The complex permittivity consisits of an in phase dispersive part, e' 
and an out of phase dlssipative componant, e" called the 'dielectric 
loss' because this quantity controls the rate at which energy is lost to 
the dielectric from the field 1. Assuming instantaneous induced 
polarisation and that the relaxation process Is exponential i.e. 
P o r - C P t o t a r P l n d . ) I 1 - w P ( - t / T ) 1 u 
the following equations can be obtained 1; 
e • (w) = € f l + ( € Q - e J / l + w V 1.5 
and 
with 
€ , , ( w ) = ( e 0 - c < r ) w r / l + w 2 r 2 .1.6 
€ n < " > m a x = < £ o - V / 2 1 7 
where e Q is the permittivity of zero frequency and is the 
permittivity when the field is oscillating at such a high frequency that 
the molecular forces opposing dlpole orientation dominate and only 
distortion polarisation remains. Equations 1.5 and 1.6 are commonly 
called the Debye equations, r is the relaxation time given by w m a x r = 1 ' 
It is the time required for the orientation polarisation to fall to 1/e 
of its original value (or reach 1/e of Its maximum value). For simple 
1 7 
organic polar liquids ^ m a x ranges from 10-100 GHz . i.e. In the 
microwave spectroscopic region. However, dielectric absorption often 
5 
extends up to 1000GHz. so in order to study the complete frequency 
dependence of orientation polarisation a combination of microwave and 
far-infrared techniques is required. 
Simple organic polar liquids (CHgCN) Included do not obey the simple 
1 7 
equations 1.5 and 1.6 ' (see Fig.1.2). The € n ( w ) curves are broader and 
flatter than predicted and have a high frequency bulge. The deviations 
from equations 1.5 and 1.6 (though not the high frequency bulge which 
13 
had not been observed at this time) were understood by Frbllch and 
14 
Fuoss and Kirkwood to be due to a distribution of relaxation times 
15 16 
throughout the liquid . and by Rocard and Powles as being due to the 
9 
neglect of molecular inertia in the Debye treatment (see chapter II). 
The high frequency bulge which can only be seen using far-infrared 
-12 
spectroscopy does show that the short time part (up to 1x10 s.) of the 
dipolar orientational motion is non-exponential. 
The work presented here is an analysis of microwave measurements 
made on CHgCN in the non-polar solvents C C I 4 > benzene and n-heptane made 
at U.C.W. Aberystwyth In collaboration with Dr. Alun Price, In terms of 
a single relaxation time obtained from . The microwave data is " max. 
then combined with far-infrared spectra measured on a Michelson 
interferometer at Durham and used to examine the time dependence of the 
orientational motion (see chapter ID. The far-infrared spectra also 
provide a very sensitive test of the various models for reorientatlonal 
motion: also this region of the spectrum yields Information on the 
energy of the rotation and intermolecular torques through band moment 
analysis. 
1.4 Macroscopic - Microscopic relation 
One of the most important problems in dielectric studies is in 
6 
Flg.1.2 e " ( v ) and e ' ( v ) data for pure CHjCN 
$ Data from ref. 10. 
£3 Data from ref. 11. 
O Data from ref. 12. 
Calculated using equations 1.5 and 1.6 (see footnote 1.1). 
Obtained from far-Infrared measurements (see chapters IV and V). 
Footnote 1.1 
This curve was calculated using the Debye equations (1.5 and 1.6) 
with 7=6.0p.s.. e =37.5 (see chapter III) and e =2.25. This value of r o r cs 
was taken from the measurements of Manslngh1 \ It was done on the basis 
of the temperature dependence of the e " ( v ) points. The points at 9.95 
and 20.8 GHz. increase with increasing temperature while those at 
32.0GHz. decrease with temperature. This means that the peak In e " ( v ) 
must lie between 20.8 and 32.0GHz. Therefore, r must have a value 
between 7.7 and 5.0p.s. Looking at this data plotted in Fig.1.2 a value 
of 6.0p.s. appears to be a reasonable value. The value of e was chosen 
on the basis of Vaughan's 1 0 estimate made by taking the mean of the 
known values for HCN and C^H^. The justification for this value came 
from the Kramers-Krbnig analysis In chapter V which suggests that 2.25 
is a reasonable estimate for 6 . 
7 
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8 
calculating the relation between the macroscopic observed quantities 
(r.€) and the underlying molecular quantities of molecular relaxation 
time and molecular dipole moment. This is often done by calculating the 
'local' or 'internal' field acting at a molecular dipole In terms of the 
external or applied field and the fields due to the dlpoles themselves. 
The external field (E > is related to the average internal Maxwell (E ) 
o m 
field by (in e.s.u system) 
E m ( w ) = E 0 ( w ) - X P ( w ) 1.8 
X is the shape dependent depolarisation factor 1 7 . P(w) is then related 
to E Q(w) via the quasi-susceptibility; 
P f » = x 0 ( w ) E 0 ( w ) 1.9 
This means that the calculation of the internal field has to have the 
shape of the sample specified; this Is a consequence of the long-range 
nature of electrostatic fo rces 1 7 . Calculations are usually modelled on a 
spherical sample embedded In an infinite continuum of the same material 7 
18 
for which 
47rx°(w) = { [ € ( C J ) - 1 ] [2€ (W)+1] }/3€(G>) 1.10 
g 
Oebye first calculated the static dielectric constant by considering 
the local field acting at a point dipole at the centre of a spherical 
region within the dielectric which is small compared with the whole 
dielectric but large compared with molecular dimensions. He used the 
19 
Lorentz method whereby the local fleid is obtained by summing the 
fields due to the external field and the field due to polarisation at 
the surface of the sphere but neglecting the fields produced by the 
dipoles themselves, and obtained; 
€ Q - l / € o + 2 - 4fTW(ffi+/i2/3kT)/3 1.11 
where a is the average of the three mutually perpendicular 
9 
polarisabilities of the molecule, k is Boltzman's constant. T is the 
temperature in degrees Kelvin, u the dlpole moment and N the number of 
3 
molecules per cm . Debye applied the Lorentz field to an oscillating 
applied field and assuming expontlal relaxation of the dipoles he 
obtained the molecu'ar single particle relaxation time from the 
macroscopic relaxation time from; 
T = r ( e + 2 ) / ( e + 2 ) 1.12 
sp. © " v o ' 
The neglect of the field Inside the sphere due to the molecules 
themselves limits this equation to g a s e s and dilute solutions of polar 
solutes in non polar solvents where eff €0D- i n which c a s e T S ^ T -
20 
Onsager did include the fields produced by the polarisation of the 
surroundings by the central molecule. His model was different to that of 
Debye in that the spherical cavity contained only one molecule 
surrounded by a continuum of uniform dielectric constant equal to the 
21 13 
macroscopic dielectric constant. Kirkwood and Frolich extended this 
model using a more rigorous statistical mechanical method in which the 
embedded sphere consists of a central molecule surrounded by Its first 
shell of nearest neighbours embedded In an infinite continuum of 
macroscopic dielectric constant. The Klrkwood-Frollch equation for 
polarisable dipoles is 
( V € a s ) ( 2 V € 0 ) = ^ N M 2 g / 9 k T 1.13 
e f e + 2 ) 2 o as ' 
This Is identical with Onsager 's equation except for the factor g. This 
is the average value of the cosine of the angle between dipoles and Is a 
measure of static orientatlonal ordering. For reviews on these theories 
s e e B o u c h e r 7 and Hi l l 1 . 
22 23 
Qlarum and Cole used linear response theory (see section 1.5) to 
10 
derive a relation between the frequency dependent permittivity and the 
autocorrelation function of a dipole at the centre of a Kirkwood type 
embedded sphere , from which the single particle relaxation time c a n be 
extracted. Glarum and Cole considered the surrounding continuum to have 
a frequency-Independent dielectric constant equal to the static 
dielectric constant of the inner sphere and they obtained: 
T = T ( 2 € +e )/3en 1.14 
sp. v o <&'' o 
24 25 which is identical with Powles result . Fatuzzo and Mason performed a 
similar calculation but considered the two regions to have equal 
(frequency dependent) dielectric constants which then yielded: 
r esr 1.15 
spr 
26 
Titulaer and Deutch have reviewed and a s s e s s e d these two approaches 
and come out In favour of the Fatuzzo-Mason result as being more 
physically realistic. However, this is difficult to justify for solutions 
of polar solutes in non-polar solvents wherln the permittivity of the 
embedded spherical region will not be equal to that of the outer 
27 18 continuum. Deutch and Kivelson and Madden do. however, point out 
that s ince the embedded sphere under consideration is microscopic but 
not molecular in dimension, truly single particle quantities cannot be 
obtained from them. In addition, molecular intercorrelations may be 
present because the Internal energy of the medium (kT) is of the same 
17 
order of magnitude as the rotational energy of the molecules and so 
multimolecular relaxation may contribute to the macroscopic relaxation 
times. In this study it is hoped that single particle relaxation times 
can be obtained from measurements on dilute solutions of CHgCN In the 
non-polar solvents. 
28 18 Keyes and Kivelson and Madden and Kivelson have developed a 
11 
theory cal led the Corresponding Macroscopic Microscopic Relation which 
does not entail the calculation of local fields at a small microscopic 
cavity. Their result, again assuming that both the macroscopic and 
molecular relaxation times are exponential. Is that 
r = r (1+NF)/(1+NG) 1.16 
sp. 
G is the equilibrium correlation factor where (1+NG) Is the Kirkwood g -
factor. F is a dynamic correlation factor. It is a measure of the 
correlation between the angular momentum of adjacent molecules. Assuming 
' 18 
F=0 i.e. dynamic correlations are not present, for a spherical sample 
in an Infinite continuum of the s a m e material equation 1.16 becomes 
T = T ( € - € _ ) ( 2 € +€ ) 9 k T 1.17 
sp. v o or v as o' 
€ 0 ( £ C 5 + 2 ) 2 4 ^ N < / ^ > 2 
2 
<fi> Is the mean square dipole moment which Klvelson and Madden 
estimated using 
N</i>2/3kT=4.85/ti p/m(T/300) 1.18 
0 
p Is the mass density, m the molecular weight and the gas phase 
dlpoie moment. 
The Cole . Glarum. Powles result (CGP) will be applied to the 
microwave data presented In this thesis in order to show the 
quantitative effect of applying infernal field correction factors. In 
addition the K e y e s - K i velson equation will be applied to the pure liquid 
result. However, if must be clearly stated that all the above theories 
a s s u m e that both the macroscopic and molecular relaxation times are 
exponential in time behaviour, which Is not true for the short time part 
of the motion (see chapter V). A further problem is that if the embedded 
region contained only one molecule if would not be spherical in the c a s e 
of CH CM which has a ratio of short to long axis of 0.6 (see Fig.1.1). 
12 
Connected with this Is the fact that the C H g C N molecule will not have 
equal polarisabillties In all three mutually perpendicular axes of the 
molecule. Also implicit in these models is the location of the dipole at 
the centre of the molecule which is also unlikely In reality. If an 
ellipsoidal cavity is employed in the calculation of the Internal fields 
each of the three mutually perpendicular polarlsibllltles ( a n ' a 2 2 ' a 3 3 ) 
of the molecule have to be evaluated as do the dimensions of the 
ellipsoid. The latter can be taken as the dimensions of the molecule or 
7 29 
its free volume of rotation In the liquid ' . both of which are 
different. In addition, the charge distribution throughout the ellipsiod 
is requi red 7 . The difficulties and approximations involved in making 
these evaluations have led to no corrections for non-sphericity of the 
embedded region being applied in this thesis. 
1.5 Correlation Functions 
The combined microwave/far- lnfrared data was analysed in order to 
obtain the dipole-dipole correlation function. In this approach the 
behaviour of the appropriate dynamic quantity with respect to time 
(dipole moment vector of C H g C N ) Is obtained by Fourier transformation of 
the experimental frequency spectrum. This enables both the short and 
30 
long time angular motion to be looked at together. Kubo developed this 
31 32 
formalism which is based on two related hypotheses; 
a) Linear response theory. 
b) Fluctuation dissipation theory. 
Linear response theory descr ibes the behaviour of two weakly coupled 
systems i.e. electromagnetic radiation with dipolar fluctuations. 
B e c a u s e the coupling is weak the response of the system can be 
calculated from a knowledge of its behaviour In the a b s e n c e of the 
13 
stimulus. The behaviour of the dynamic variables is described in terms 
of correlation functions which are equilibrium averages over the whole 
liquid. 
Fluctuation dissipation theory Is based on a hypopthesls by Onsager 
that every system at equilibrium exhibits small departures from 
equllbrlum which regress with time at a rate governed by the system's 
usual motional p r o c e s s e s . The latter hypothesis is also at the root of 
31 
Debye dielctric theory 
The time dependent dlpole-dipole multlmolecular correlation function 
for the microwave/far- lnfrared rotational spectrum is given b y 1 7 ; 
g(t)= E<P1Ut,(0)./t|<t>]> = £ < c o s e , <t».. . i . i9 
U U 
/ i ( is a unit vector in the permanent dipole moment axis of the I'th 
molecule. Is the 1st order Legendre polynomial which means that the 
function is the cosine of the angle between # ( and Mj- The angle 
brackets indicate an equilibrium ensemble average in the a b s e n c e of an 
electric field. The correlation time is the area under the correlation 
function. However, it is often the c a s e that the correlation functions 
are unreliable at long enough times to enable this Integration to be 
made. If the band is purely Lorentzian then Its value at 1/e is equal to 
the correlation time. The correlation time for the long time part of the 
motion is also equal to slope of the natural log. of the function. A 
comparison of this value with that from the 1/e drop will give a good 
indication of how pure a Lorentzian a band is. In addition. l / A u 1 / 2 Is 
equal to the relaxation time for a pure lorentzian band where is 
the band width at half Its height. The function can be separated into 
' s e l f and 'distinct' terms. 
14 
g(t)=<M,<0).#.(t)> + Y,<ti.(0).tl.(t)> 1.20 
• 1 if} ' J 
' s e l f 'd ist inct ' 
At zero time this Is equivalent to the Kirkwood g-factor: 
g(0)=l + E < c o s e , .> 1.21 
The correlation function is obtained by Fourier transformation of 
the frequency spectrum which for an even symmetric function Is given 
K 36 by 
z fJ e€"(w)D(w] g(t)=6hc/7T2NMg4| € " ( w ) D ( w ) c o s w t d w / [ l - e x p ( - h w / k T ) ] ...1.22 
The e x p o n e n t i a l t e r m i n t h e den o m i n a t o r can then be expanded. Only t h 
f i r s t and second terms a re c o n s i d e r e d s i n c e t he h i g h e r terms a r e l e s s 
one, t i n s t n e n g i v e s : 
g(t) = 6 k T / ^ 7 T N/JZ € n ( u ) D ( w ) coswt dw /u 1.23 
J« 
D(w) Is the frequency dependent Internal field correction factor. The 
form of this factor used In the analysis will be D(w)=l( ' le no correct ion) 
and those of H i l l 3 3 and Klug. Kranbuel and V a u g h a n 3 4 (KKV) which Is the 
35 
same as that proposed by Nee and Zwanzig (NZ). as used by Strauss et 
36 
al in their paper on chloroform. These equations are all extensions of 
25 
the Fatuzzo and Mason hypothesis to polarlsable dipoles and therefore 
strictly only applicable to single panic le correlation functions of 
pure llqiuds (see section 1.4) and so cannot really be applied to the 
pure liquid or solution spectra s ince solutions are not pure liquids and 
there may be molecular intercorrelatlons in the pure liquid. However, 
they will be used in this thesis to show their qualitative effect. In 
addition. In assuming exponential relaxation their application at high 
frequencies (far-infrared) is likely to c a u s e errors (see chapter V). 
15 
The KKV and NZ derivations (of which the latter was formulated to 
include the effects of dielectric friction) both yield 
D(u>) = [ 3 / ( € + 2 ) ] 2 2 l e l 2 + € 2 / 3 l € l 2 1.24 
Hill's model was designed to separate contributions from induced moments 
in the surrounding sphere It is . 
D ( w ) = [ 3 / ( € a + 2 ) ] 2 [ ( 2 € 0 + € ( p / ( 2 € 0 + l ) ] 2 l e l 2 + € a / 3 l € l 2 ...1.25 
As mentioned In the general introduction mid-infrared and Raman 
vibration-rotation bands can be used to study reorientational motion. 
2 3 37 
The appropriate correlation functions are as follows ' ' 
a. Infrared correlation functions 
The correlation functions for a mid-infrared vibration-rotation band 
2 3 
are given by 
« v ( t ) . * l r ( t )=<Q | (0 ) .Q j ( t )><P 1 [ / i | (0 ) .At ) f t )> 1.26 
<J> is the the vibrational correlation function. <S>. the infrared v I r 
rotational correlation function and M ( Is a unit vector along the 
direction of the transition moment corresponding to the normal 
coordinate Q ( of the i'th molecule; this lies along the Cg axis of CHgCN 
for parallel vibrations of the molecule (eg v l . 2 . 3 and 4 of CHgCN). 
Single particle correlation functions are used in the assumption that 
molecules become vibrationally excited independently of each other. The 
correlation function is obtained from 
<S> (t).®.. (t) = v l r I(w) coswt dcj 1.27 
band 
where l(a>) is the normalised (to unit area) absorption spectrum of a 
band. The bands are normalised so that at zero time the correlation 
functions equal o re . w = ( w - w 0 ) . where w Q Is the proper frequency of 
37 38 
vibration. Several workers ' have neglected vibrational relaxation 
16 
and assumed that the intrinsic line width Is very narrow enabling <3>1r to 
be extracted from the band. This assumption cannot be made for the Mj a n d 
v 3 bands of C H g C N 7 1 . 
b) Raman correlation functions 
Raman band shapes (observed by inelastic light scattering) ar ise from 
the interaction of visible radiation with fluctuations of the 
polarisability tensor of the molecule via the formation of induced 
dipoles 
41 
For a totally symmetric vibration-rotation Raman band 
» v ( t ) . * 2 r ( t ) = <Q |(0).Q j(t)><P 2[/i j(0)./i j(t)]> 1.27 
2 
P 2 Is the second order Legendre polynomial given by l / 2 (3cos ( 0 ( t ) - l ) . 
In the laser Raman experiment the vibrational and rotational functions 
can be separated by way of the polarisation of the scattered light a s 
40 
compared to the polarisation of the Incident laser fight . As in the 
infrared c a s e single particle correlation functions are assumed. The 
parallel(VV) (polarisation compared to the polarisation of the laser 
light) and perpendlcular(VH) components of the scattered light are 
related to the isotropic and anisotropic parts of the scattering tensor 
by 
W w ) = I v v ( w ) " 4 / 3 I v h ( w ) 1 2 8 
where 
I , (CJ)= I . (CJ) 1.29 
aniso vh 
4> (t) = | l . (o>) coswt dw 130 
v j (so 
band 
and 
® «).«!>_ (t) = f l coswt dw 1.31 
v 2r J aniso 
band 
17 
then assuming 
» (t) [Infra-redl=fl> (t)[lso]=<& (t) [aniso] 
V V V 
we have 
® , (t)= L J w ) coswt dw / I r 
band band 
so 
(w) coswt dw 1.33 
and 
« „ (t) »= coswt dw / I. ^(w) coswt dw j amiso j iso 
band band 
1.34 
All the intensities are normalised to unit area. 
There are theoretical arguments that the equivalence in equation 
42 
1.32 is not valid if Intermolecular vibrational coupling is present 
It has been shown that the effects of the coupling make different 
contributions to each of the three correlation functions. This is one 
explanation of the fact that e a c h of the three bands has a different 
peak frequency oy several wavenumbers. A further problem is the neglect 
of the vibration-rotation coupling which is known to be important in the 
43 
gas phase spectra of CHgCN . which does show quite strong effects of 
Corlolis coupling. 
c) Depolarised Raylelgh scattering correlation functions 
Depolarised Rayleigh bands are observed as the depolarised component 
of the broadening of the central exciting laser line at 9 0 ° to incident 
32 
beam. The line shape Is approximately proportional to e " ( w ) / w . The 
line shape Includes contributions from the fluctuations of dlpoles 
Induced in the polarisability tensor by the laser light and from those 
induced by intermolecular coll isions. The latter have to be removed by 
44 
band fitting procedures In order to obtain the reorlentational 
correlation function. For a molecule with at least a three fold axis of 
18 
. 45.46 symmetry 
K O J ) = C N E . 2 ( < E -a )2 I par per g
( 2 ) ( t ) exp(-uit) dt 1.35 
where 
(2) 
9 <t)= E<R,cos 0(t)> 1.36 
U 
C is a constant. N is the number of particles per unit volume. E ( is the 
local field strength of the Incident light, a; and a are the two " par per 
principal polarisability components (parallel and perpendicular to the 
C 3 axis).At zero time we have the second order orlentatlonal structure 
factor g given by 
g ( 2 ) ( 0 ) = l + E<Rlcose . (0)]> 1.37 
i*j A '-I 
which is closely related to the first order factor (the Kirkwood g -
44 
factor) through the Legendre polynomials 
44 
Versmold has made a valuable study of C H g C N in a range of C C I 4 
solutions using depolarised Raylelgh scattering which will be used in 
comparison with the results presented in this thesis. 
1.6 Band Moment Analysis 
37 17 
Gordon and Brot showed that the correlation function c a n be 
expanded in a (time) power se r ies , the coefficients of which may be 
Identified with the frequency moments of the spectrum. For the 
microwave/far-infrared rotational band the moments are defined as 
g(t)= (it)" M(n) dn /nj 1.38 
where the spectral moments. M(n). are given by 
l(n) = KCJ) w n dw 1.39 
l(u>) is the spectral intensity and u=u)-u)Q where u)Q Is the band origin 
19 
whlch=0.0 for the microwave far-infrared absorption. For a c l a s s i c a l 
system only even values of n are considered. E a c h coefficient is an 
equilibrium property of the system so can be evaluated without the need 
37 
to solve equations of motion . The lower moments of the spectrum are 
simple properties of the system b e c a u s e they descr ibe the short-t ime 
motion of the system. The higher moments reflect more complicated motion 
and are difficult to evaluate. The lower moments have been evaluated as 
47 
follows for a symmetric top molecule 
g(t)=g(0) - 2kT/L {(t 2 /2)} + 8 ( k T / I J 2 [ l + l / L + <0(v) 2 >/4(kT) 2 ] 
D b a b 
{t 4 /4D + 1.40 
I. = moment of inertia perpendicular to C„ axis. I = moment of inertia b 3 a 
2 
parallel to C 3 axis. <0(v) > is the mean square intermolecular torque, v 
is the angle dependent part of intermolecular potential and O is the 
associated operator, it can be seen that the first and third terms in 
this expansion are multimolecular quantities whereas the second moment 
is a purely single molecule property. It is a measure of the molecule 's 
rotational kinetic energy. This means that the second moment of the band 
intensity is independent of interactions. Thus, as is proportional to 
2 
u e " ( w ) / w = e " ( w ) w = n ( w ) a ( w ) (see 1.7) then If the refractive index is 
constant as it is In the region 20-250 cm 1 (see Chapter V) this means 
that the integrated intensity is independent of interactions. Thus , 
there is the interlsting consideration that as a ( w ) has most of its 
weighting in the far-infrared region then the integrated far-Infrared 
intensity is independent of Interactions. 
Higher moments are also difficult to measure (as well as calculate) 
because as u>n Increases the higher frequency parts of the spectrum 
20 
become more important to the integral 1.38 and in the c a s e of far -
infrared absorption interference from vibrational bands of either 
solvent or solute will occur. In addition collision induced dipolar 
absorption Is thought to become more Important at higher f r e q u e n c i e s 4 8 . 
Once again the intensities must be corrected for the effects of the 
internal fields. The factors used in equations 1.24 and 1.25 only apply 
to the low frequency (microwave region) part of the spectrum and the 
band moments are weighted by the far-Infrared parts of the spectrum. An 
alternative correction can be made using the non-dispersive Polo-Wilson 
49 20 (PW) correction factor (which is based on Onsager 's model ) 
9n / (n 2 + 2 ) 2 1.41 
at cm 
where n is the refractive index associated with e . Sum rule analysis 
00 CD 
will be presented in which the KKV. NZ correction factor is also used 
for comparison with the results obtained using the PW factor. 
1.7 Kramers-Krbnig Relations 
The measured quantity in both the microwave and far-Infrared 
experiments was the power absorption coefficient a ( u ) which is the 
decrease in energy of the radiation along its propagation direction. The 
17,40.48 
field at frequency w at point x is given by 
a 
E=E.exp[iw(t-n x/c)J 1.42 
where c=velocity of light,and 
n a =(n- lK) 1.43 
the frequency dependent refractive index. Rewriting 
E=E ( exp[lw(t-nx/c) lexp(- KWX/C) 1.44 
hence the absorption coefficient is given by 
a ( w ) = 2 K ( w ) w / c 145 
The Maxwell identity c=(n ) then gives 
21 
c " ( w ) = c n ( w ) a ( w ) A> 1.46 
and 
n ( w ) - [ ( € ' ( u ) 2 + € n ( w ) 2 ) 1 / 2 + e ' (w) ] 1 / 2 / V 2 1.47 
with 
e ' ( w ) = n ( w ) 2 - « ( w ) Z 1.48 
and 
€ " ( e j ) = 2 n ( w ) K ( w ) 1.49 
Therefore in order to calculate e " ( w ) (to be used In the correlation 
function analysis in chapter V) from a(u) one requires n ( w ) . This is 
50 
achieved in this thesis by using the Kramers-Kronig relations which 
are general equations that express the link between the real and 
imaginary parts of a complex number. When applied to equation 1.43 they 
are 
'TTPJKCCJ* ) w ' d a > \ n ( u ) - n - 2 / i r P | K (  ) W ' d w 1 / W ' 2 - W 2 1,50 
K ( w ) = 2 / 7 r P | n ( u ' ) w d w ' / w ' 2 - w 2 1.S1 
where P means take the principal value. The relations between e' and € " 
5 
are exactly analogous. Equation 1.50 can also be written 
f+ec 
n ( w ) - n = l / ? r P K ( w ' ) d u 7 u ' - u 1.52 
which is equivalent to the Hllbert e q u a t i o n 5 1 that is 
n ( w ) - n = H { K ( C J ) ) 1 5 3 
OS 
thus n and K and e' and e" are Hilbert transforms of each other. The 
following method for obtaining the Hllbert transform of tc(u) using 
5 2 
Fourier transform methods was worked out by Khuen 
5 3 
According to Chamberlain 
2 2 
F{H[f(y)])=lsgn(y)F <y*> 1.54 
where sgn is the signum function. F Is the Fourier transform. H Is the 
Hilbert transform and 
F <y')=F[f(y')] 1.55 
Equation 1.54 expresses the fact that the Hilbert transform can be 
considered as a convolution of the function f(y) with 1/y' 
H[f(y')]=-1/y7r *f(y'> 1.56 
Back transformation gives 
H[f(y)]=F ^isgnty' ) .Fi f ty) ] ) .1.57 
Equation 1.57 states 'take the function f(y) calculate the Fourier 
transform and multiply by i which means consider the real part of 
F[f(y)] as the imaginary part and the imaginary part as the negative 
real part. Sgn(y) means now multiply all values of y<0 by - 1 . then 
backtransformation gives the Hilbert transform of f(y'). In this work 
K(U) is the function to be Hilbert transformed. It is an odd function • 
therefore to obtain the function from -Infinity to +inflnlty we need to 
make 
K ( W ) = - K ( - W ) 1.58 
S e e Fig.1.3 
Fiq.1.3. 
0 
0 u 
Equation 1.50 shows that to obtain n ( w ) n is required, which for the 
2 3 
microwave/far- infrared rotation band lies around 300 cm \ Itvvos not 
possible to measure this using either the apparatus in Durham or 
Aberystwyth. However eQ values for all the solutions were measured at 
Aberystwyth so that the value of n f f was simply adjusted until 
n ( 0 ) = V ( e Q ) . A computer program was written to do the Hilbert 
52 
transformation by Khuen using a fast fourier transform technique and 
implemented in Durham as the program HTRAN. The program was tested 
54 
C C I 4 data obtained by O'Nei l l on a dispersive interferometer at the 
National Physical Laboratory (NPL). This Instrument can be used to 
measure both «(<*>) and n(cj) . The microwave data of Whi f f in 5 5 
( e " ( w ) / e * ( u ) ) was used to calculate K ( W ) using equations 1.45 to 1.49. 
The two sets of data were combined and Hilbert transformed using the 
method outlined above. The calculated refractive index is shown 
compared with the measured curve in Fig.1.4. As can be seen the 
agreement is very c lose I.e. within 1% of each other. 
24 
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Chapter II. 
Brief Discussion on some of the Mathematical Models for Rotational 
Motion in Liquids. 
2 6 
11.1 Rotational Diffusion 
g 
Oebye suggested that the rotation of a dipole in an applied field Is 
constantly Interrupted by interactions with neighbouring molecules due 
to their thermal or 'Brownian' motion. In this way the angular motion is 
restricted to very small (Infinitessimally small in the theory) angular 
displacements. This physical picture enables diffusional equations to be 
used. The torque applied to a molecule by a field of force F, where 
F=F m exp( iwt ) . at an angle 9 to the field is 
M=-/tzFsln0 Il.l 
which is opposed by the microscopic friction due to the neighbouring 
molecules 
M=Cd0/dt 11.2 
where C 's the frequency independent friction coefficient. The 
rotational Langevin equation of motion per unit moment of inertia is 
©(t)-c©(t)=ra) H.3 
r is the random torque Imposed on a molecule by the motion of its 
g 
neighbours. Debye then used the Lorentz field (see Chapter 1 section 4) 
to calculate F. He derived 
T = T (€ +2)/(6 +2) 11.4 
sp. Of o 
where T I S the macroscopic relaxation time. 
1 5 16 
Rocard and Powles modified this theory to take into account the 
inertia of the molecules, which is expected to be Important at high 
field frequencies. Powles suggested that M should include a second order 
term In 6 i.e. 
M=cde/dt + i b d 2 e / d t 2 us 
l & is the momen* of inertia perpendicular to the C 3 axis. For dilute 
solutions of polar molecules in non-polar solvents for which the Lorentz 
2 7 
16 field is thought to be suitable. Powles did obtain small deviations 
from the Debye predictions for e " (u). In the microwave region in the 
form of a slight flattening. 
It is. however, in the regime of absorption per cm (a(u)) at high 
frequencies that the Debye model fails to predict the experimental 
detail in the most pronounced manner. The Debye model predicts that a ( 
2 2 - 1 
is proportional to u (l+u ) which leads to a high frequency plateau 
and no return to transparency (see Fig.II. 1). whereas the observed a ( w ) 
r ises above the level of the plateau (excess absorption) and returns to 
_ -J eg 
transparency between 100 and 200 cm forming the s o - c a l l e d Poley 
band. The band is often named after Poley because he predicted the 
presence of whole molecule' absorptions other than the Debye type 
2 
absorption. This he did on the basis that - n ^ ) (n^ is the refractive 
Index at the sodium D lines and was that predicted by the Debye 
e q u a t i o n s 1 , 7 ) was too large to be accounted for by the Infrared intra-
molecular vibration absorptions. The Powles inertia corrected model 
predicts a small excess absorption with an earlier than observed return 
to t ransparency^ 7 . It is known however, that dipoles Induced by 
intermolecular coll isions also contribute to the far-infrared 
58 48 absorption . The induced absorption has been evaluated by Rothschild 
for some simple systems (e.g. HF in cyclohexane) from calculations of 
the intermolecular potential (Lennard-Jones potential): he found that 
the induced absorption contributed about 5% to the total far-Infrared 
band, largely at the high frequency end of the band. It is this 
mechanism that c a u s e s the far-infrared absorption of non-polar liquids 
58 58 
such as carbon tetrachloride and benzene . Davles has obtained 
evidence from intensity measurements that the absorption ar ises from b i -
2 8 
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29 
molecular coll isions. The application of Gordon's sum rule for 
integrated absorption (see chapter V) will be used to estimate the 
extent of the Induced dipolar absorption present in the far-Infrared 
bands. 
11.2 Gordon's M and J Diffusion Models 
The Debye model restricts angular motion to small angle steps which 
60 
Gordon a s s e s s e s to be more plausible for large molecules than small 
ones, in his M and J diffusion models angular steps of arbitrary large 
size are allowed. The physical picture is of collisionally interrupted 
free rotation and the models are character ised by a time between 
collisions (Tj). 
a) M-dlffusion 
This is a result of Gordon's diffusion theory which has free 
rotation terminated by instantaneous coll isions that randomise the 
angular momentum of the molecule In direction only. 
b) J-dlffuslon 
This is the same a s the M-dlffusion except that both the magnitude 
and direction of the angular momentum vector are randomised on 
32 
collision. This is essentially an Inertia corrected Debye model and 
expected to be the more realistic of Gordon's der iva t ions 1 7 . This model 
again fits the low frequency (long time) part of the at(w) curve but has 
a slow return to transparency In the far-Infrared. The peak in a ( w ) 
occurs at the maximum in the gas phase rotational envelope (see 
Fig.il.1). 
11.3 Memory Function Formalism 
This is not a physical theory but a formal s c h e m e for Introducing 
variables needed to descr ibe the observed phenomena. It requires no 
3 0 
underlying model but can be adapted to reproduce the results of any of 
32 
the models 
51 61 
In the memory function approach ' applied by Evans and c o -
47 62 63 
workers ' ' to the problem the following restrictions of the Debye 
rotational diffusion model are removed in order to obtain a more 
physically realistic picture; 
a) Molecular coll isions have a finite time and the torque acting at 
collision Is finite. 
b) The friction tensor be time dependent. 
The formalism is used in order to solve the more general form of the 
64 
Langevin equation proposed by Kubo w(t)+ K (t-
Jo W 
T ) W ( T ' ) d r ' = r ( t ) 11.6 
K^(t) is the time dependent friction tensor cal led the memory 
function.In terms of the dfpole-dipole autocorrelation function. 
g(t)=<Aij(0).Mj(t)> 11.7 
dg(t)/dt =- K o ( t - r ' ) g ( r ' ) 6 T ' 11.8 
The Fourier transform of K o ( t - r ' ) is the frequency dependent friction 
coefficient. The set of memory functions K Q(t). . . .K n(t) obey the set of 
coupled Volterra equations such that 
OK ,(t)/6t = - K ( t - T ' ) K . ( T ' ) d T ' 11.9 
n - l n n - l 
65 
The Laplace transforms then yield Mori's continued fraction 
representation of the correlation function 
g(p)= g(0) = g(0) = 11.10 
p+K Q(p) p+K Q (0) 
p+K-jCp) 
where p Is the Laplace varlable(iw). Truncation of the ser ies requires a 
suitable form of K (t). The various forms used for the truncation which n 
31 
lead to all the various models of reorientatlonal motion are described 
32 
by Rowlinson and Evans . Evans truncates at the second order using the 
form 
K 1 ( t )=K 1 (0)exp.( -Tt) 11.11 
which then yields, for the spectral density 
a ( ( j ) = A ( J 2 K o ( 0 ) K 1 ( 0 ) r 11.12 
• y 2 [ K O ( 0 ) - w 2 ] 2 + u 2 { a ; 2 - [ K O ( 0 ) + K 1 ( 0 ) ] } 2 
where A=(e - € )D/n(u)c . D is an internal field correction factor. For o ac 
l inear and symmetric top molecules K (o)=2kT/l . . where I. is the moment 
o b b 
of inertia perpendicular to the dipole axis I.e. it Is the rotational 
second moment (see chap. 1.6). a purely single molecule property. n ( w ) 
does not need to be known as It can be obtained In terms of e " ( w ) and 
e ' (w ) using; 
e " ( u ) = a ( w ) n ( w ) c / w 11.13 
and 
n ( w ) = { [ e " ( u ) 2 + e ' ( w ) 2 ] 1 / 2 + e ' (w) } 1 / 2 / V 2 .11.14 
where e " ( w ) and e ' ( c j ) are given by 
( € ^ € ^ ^ ( 0 ) ^ ( 0 ) 7 ^ ....11.15 
r 2 [ K o ( 0 ) - t J 2 ] 2 + w 2 [ w 2 - K o ( 0 ) + K 1 ( 0 ) ] 2 
and 
eV) = £ 0 " ( € o - c t f ) f a > 2 [ [ a ; 2 - ( K o ( 0 ) + K 1 ( 0 ) ) ] + y 2 [ f a > 2 - K o ( 0 ) ] } 
• y 2 t K o ( 0 ) - w 2 ] 2 + w 2 [ w 2 - K o ( 0 ) + K 1 ( 0 ) ] 2 
The parameter 1/r is said to be a correlation time for the 
intermolecular torques and K^(0) is related to the mean square 
2 61 
intermolecular torque <0(v) > via 
..11.16 
3 2 
K 1 (0)=U8(kT/l . ) 2 ( l + l /4I. +<0(v) 2>/(kT) 2] /K (0)) - K (0) l b a b o o 
.11.17 
where l f e and l g are as defined in chapter 1.6. 
The measured and calculated (using the Mori formalism) velocity-
velocty (angular velocity) autocorrelation f u n c t i o n s 3 2 , 4 7 show a short 
time oscillation suggesting that some form of molecular iibration 
(rotatory oscillation) Is responsible for the Poley absorption. 
86 
Chantry and the NPL workers who first observed the far-infrared 
absorption of dipolar liquids did in fact propose a form of libratlonal 
motion occuring In a liquid 'pseudo lattice' as being the source of this 
band. This approach to the explanation of Poley band was also developed 
66 67 68 by Hill and extended by Coffey and Wyllie In the form of an 
itinerant oscillator model. Here a non-spher ica l molecule performs 
libration inside a cage of neighbouring molecules, while the cage 
performs rotatory diffusion. In this model the frequency at a ( w ) m a x l s 
taken to be the librator frequency. A fit to the experimental curve 
39 
using this model is shown In Fig.Il . l . This model puts a c lear 
separation between the microwave and far-infrared peaks which Is not 
69 
seen In practice. The librator model of Brot Is different in that a 
molecule may librate about any one of many stable orientations; then 
random collisions c a u s e it to jump from one potential well to another. 
Good experimental evidence for the presence of resonant energy 
transfer to an oscillating molecule comes from the fact that the 
-1 39 57 70 refractive index (0 -250cm ) shows a shallow minimum ' ' In the 
40 region of a(u) . It is well established that the refractive Index of " max 
a system of damped oscil lators under resonance has a minimum slightly 
displaced to the high frequency side of the frequency of oscillation. 
3 3 
Fig.11.2 shows the form of the n ( w ) curve in the region of a)pure 
relaxation band. b)a resonance absorption band and c)a measured cuvre 
for CHgCN In C C I 4 (0.02 mole fraction). It appears that curve c Is then 
a combination of predominantly a but with some b present. 
11.4 Use of Three Parameter Mori Model 
39 70 71 
Yarwood and J a m e s have applied this model to a ser ies of 
solutions of acetonitrile In C C I 4 . The work presented in chapter V will 
solely be concerned with the neat liquid. 
The parameter K^O) can be obtained by differentiating equation 
11.12 giving a ( w ) in terms of K (0) and . I.e. y y v ' max o max 
K 1 (0)= 4 w 4 m ( w 2 m " K o ( 0 ) ) 1 , 1 8 
n(K„(0)-u2 )(K ( 0 ) + w 2 ) + 4 w 4 oK m o v ' rrr m 
The molecular relaxation time ( r ) is then obtained from 
s p 
K 1 ( 0 ) = [ 2 k T r J\J2TT/2 11.19 
1 sp b 
The parameters •y + K^fO) can also be varied until the calculated a ( w ) 
(using equation 11.12) curve fits the measured one. This was done using 
the program NEWFITF which employs a National Algorithms Qroup(NAQ) non 
linear least squares fitting routine E 0 4 F A F . At low frequencies the 
model gives Debye behavionrenabling r to be calculated using the 
sp 
fitted parameters from 
T „ 2 = U K (0 )+K 1 ( 0 ) ] 2 - 2K <0)? 2)/<K y ) 2 ...11.20 Sp O 1 o o 
Results obtained from both ways of using the two variable model are 
presented In chapter 5. 
3 4 
Fig,II.2. T h r e e types of r e f r a c t i v e index c u r v e 
n ( v ) 
FREQUENCY 
a ! Diagram of n(v) for an e x p o n e n t i a l r e l a x a t i o n 
n lv ) 
FREQUENCY 
b) Diagram o f n ( v ) th rough a r e s o n a n c e a b s o r p t i o n b a n d ^ 
1.472 
1.470 
FREQUENCY (cm- 1 ) 
160 
c ) Measured n(C) c u r v e f o r C H 3 C N / C C I 4 0.02 M.F 45°C .70 
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Chapter III. 
Microwave Measurements. 
3 6 
lll.l Introduction 
The dielectric loss of the liquids studied for this thesis is 
important over a range of frequencies from 4 to 3000GHz. For the low 
frequencies, the sample size is of the same order as that of the 
wavelength of the electric field; this means that the waves must be 
confined within metal waveguides which contain the sample^. The upper 
frequency limit is determined by the difficulty In manufacturing very 
small waveguides of prec ise geometry. The upper limit is about 
75GHz=2.5cm \ For higher frequencies optical or free s p a c e techniques 
have to be used. In this regime the sample (usually a rectangular slab 
perpendicular to the incident beam) has to be large compared with the 
wavelength of radiation so that diffraction effects can be neglected. 
The frequency range 4 -18GHz was covered using a sweep frequency 
technique and the higher microwave frequencies were sampled at the spot 
frequencies of 34 and 66GHz. The basis of both types of microwave 
experiment was to measure the attenuation of the radiation at different 
72 
liquid depths. The Kramer relation is then used to derive the 
absorption coefficient 
E q and E ( are the output and input wave amplitudes, d is the sample 
depth in cm, a the attenuation coefficient in cm 1 and K a function of 
the reflection coefficient at various Interfaces. The effects of 
reflection were reduced in both types of experiment by having the base 
of the sample cell at an angle of about 15 degrees to the Incident 
73 
radiation . The attenuation is measured in decibel units 
E / E =Kexp(-ad)=t 
o I 
lll.l 
Amplitude ratlo=logQt=2.303dB/20 
2 
Power ratio=log t =2.303dB/10 
III.2 
III.3 
3 7 
a is derived directly from 
log t=iog K-ad=2.303dB/20 111.4 
thus plotting dB against d gives a slope of 
-a20 /2 .303=dB/d III.5 
therefore 
a= (2.303/20) (dB/d) c m " 1 III.6 
The CHgCN used was Eastman Kodak spectro grade while all the 
solvents <CCI 4 . benzene and n-heptane) were manufactured by the BDH 
company and were spectroscopic grade. All the microwave measurements 
were performed at room temperature which did not vary by more than 2 ° 
from 295K. 
III.2 Experimental Sweep Frequency Measurements 4 -18GHz 
This equipment was manufactured by "Systron and Donner' and set 
to measure the attenuation of liquids by Dr. A.H. Price at U.C.W. Edward 
Davles Chemical Laboratories. Aberystwyth. The layout of the apparatus 
is shown in Fig.III. 1. The attenuation can be measured over a continuous 
spread of frequencies from 0.01 to 4.2GHz and 4 to 18GHz, only the 
latter was used for the liquids studied here. The source module(s) 
74 
contains a varactor diode which can have its character ist ic frequency 
varied over a large range by varying the applied voltage. From the 
source the radiation is transmitted along a co-axia l line through the 
sample cell which forms part of the co-axla l line and then into a 
detector which forms part of the power meter. The source output Is not 
flat so the signal from the Initial depth of liquid is stored in a 400 
bit data normaliser. The signal from different liquid depths is compared 
with the reference signal and the difference displayed on a flatbed 
plotter and simultaneously on a cathode ray osci l loscope. The data 
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normaliser .CRO and plotter are all triggered simultaneosly by the 
source . The t races of attenuation versus frequency at different liquid 
depths were calibrated using standard Hewlett Packard attenuators 
inserted between the sample cell and detector. The experimentally 
variable parameters were the sensitivity of the power meter, sensitivity 
of the plotter and the speed of the sweep (usually about 20 seconds ) . 
E a c h was varied until smooth trace was obtained. E a c h solution was 
usually measured at between 5 and 10 different depths. A typical set of 
t races is shown in Fig.III.2. 
The c r o s s sectional area of the s p a c e inside the co-axia l cell was 
2 
0.307 cm thus 1ml. of liquid forms a liquid depth of 3.26 cm. The known 
volumes of liquid were Introduced from a burette or micro-syr inge. The 
limiting liquid depths are determined by the attenuation of the liquid. 
If very high the radiation becomes completely attenuated by one thin 
liquid layer on the base of the cell and if very low the cell becomes 
full before a noise- f ree trace can be obtained. For CHgCN solutions the 
range of concentrations found to be convenient were 0.1 to 10 moles per 
litre (0.01 to 0.7 mole fraction in C C L ) . 
4 
Measurements of attenuation were taken at various frequencies at 
convenient portions of the t races. The effects of reflection at the 
various interfaces is to put a slight sinusoidal variation In the plot 
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of attenuation against depth . A straight line was put through the 
points by using a linear least squares regression treatment on them. 
Typical plots are shown In Fig.III.3. The data obtained from these 
measurements for all solutions is shown in table 111.1 
ill.3 Spot Frequency Measurements. 33.9775 and 69.66GHz. 
A 36GHz klystron oscillator In conjunction with a Q-band 8mm 
4 0 
ATTENUATION AT A GIVEN DEPTH 
en co r> LO 
cn cn CO CO oo 
oo 
CO 
\ 
I 
1 
CO 
CO 
I 
CO 
( J 
N 
CD 
CD 
CO 
Q . LU 
CD 
LLl CO 
E 0) 
cn 
Cn 
CO 
I CD 
t 
i 
i 
\ 
CM I 
CO 
I—I CO 
LL 
• 
J D 
CO C D 
41 
o o 
1 1 - 1 1 1 
• 
N 
X 
CD 
CN • LL LL 
± CM -J-
O O 
• • O + 
N 
X o 
ao 
• • 
• • -
• • 
- N 
X 
CD 
+ N 
X • + C N • 
CD 
+ GO + 
+ + 
• • • -
+ + 
+ 
+ •+ • 
- + + -
+ + • • 
+ + 
+ + 
1 l 1 1 1 i h i i 
— 1 T" ~ m - | — 1 in o in O 
CM CM i n o 
o 
to 
in 
CM 
o 
CM 
in 
£ 
Q_ 
LU 
Q 
in 
o 
o 
o 
'8P NOIIVONBIIV 
42 
Table III."* Absorbancles from Sweep Frequency Measurements 
All absorbancles are in cm 1 and In amplitude ratio. Frequencies are In 
GHz. E s t i m a t e d e r r o r s in oc a r e ± 5 % 
C H - C N / C C I . 3 4 — 
.Freq. 11.21 12.92 14.63 16.01 17.53 18.00 
M.K 
0.01 
0.10 
0.20 
0.30 
0.40 
0.50 
0.60 
0.70 
a 0.024 0.033 0.039 0.046 0.054 0.056 
0.241 0.294 0.359 0.412 0.468 0.481 
a 0.479 0.590 0.713 0.812 0.932 0.954 
0.701 0.869 1.048 1.199 1.379 1.418 
0.907 1.139 1.364 1.548 1.797 1.882 
1.050 1.310 1.619 1.882 2.167 2.244 
1.132 1.451 1.823 2.108 2.480 2.615 
1.287 1.609 2.021 2.254 2.661 2.899 
0.016 M.F. 
Freq. 8.14 11.31 15.51 18.00 
a 0.027 0.042 0.080 0.094 
0.06 M.F. 
Freq. 6.46 9.72 16.57 18.00 
a 0.057 0.112 0.273 0.317 
0.16 M.F. 
Freq. 7.39 9.90 16.10 18.00 
a 0.217 0.330 0.683 0.794 
CH CN/Benzene 
0.016 M.F. 
Freq. 7.48 10.97 17.39 18.00 
a 0.028 0.045 0.106 0.116 
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Table lll.l Continued 
0.06 M.F. 
Freq. 6.88 10.45 16.97 18.00 
a 0.070 0.128 0.293 0.336 
0.16 M.F. 
Freq. 6.97 11.72 16.48 18.00 
a 0.189 0.412 0.728 0.833 
-CHgCN/n-heptane 
0.027 M.F. 
Freq. 12.05 15.40 18.00 
Q 0.029 0.051 0.056 
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(0.28x0.14 inches) rectangular waveguide together with a 72QHz klystron 
with an E - b a n d 4mm (0.122x0.061 Inches) waveguide were used for these 
experiments. The system for the 36GHz set -up Is shown in Fig.III.4. The 
frequency meter measures the actual frequency particular to the 
waveguide by adjusting the dimensions of a cavity until a resonance 
condition is reached When this occurs energy Is stored in the cavity 
and a sharp drop in power is observed. The frequency at which this 
occurs can be read directly from the wave meter on the E -band system but 
In the Q-band c a s e the micrometer reading Is converted to frequency 
using (Eliott) tables. 
Measurements of attenuation were made on a power meter connected to 
a crystal detector. The attenuation of the sample was balanced against 
an adjustable, calibrated attenuator so as to maintain a constant 
reading on the power meter, this Is to overcome any non-llneararlty 
which may be present in the detection system. The attenuator in the E -
band system reads directly In decibels while the readings on the 
attenuator in the Q-band fine were converted to decibels using (Ellott) 
tables. Care had to be taken to ensure that the first liquid layer 
completely covered the bottom of the cell otherwise non- l inear 
attenuation plots are obtained. The maximum concentration of CHgCN that 
could be measured on both systems was 3.6 moles per litre. Plots of 
attenuation against different liquid depths were very reproduceable (see 
73 
Fig.III.5.) This shows two runs done on different days. Price 
estimates that e a c h value of attenuation has an error of +or- 5%. 
Results are shown In fable III.2. The neat solvents showed no detectable 
attenuation of the radiation at any of the microwave frequencies. 
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Table III.2 Absorbancles from Spot Frequency Measurements 
-1 
All absorbancles are in c m In amplitude ratio. All f requencies are In 
GHz. A l l a va lues a r e + 5 % 
C H - C N / C C L — 3 4— 
M.F .F req 
0.01 > 
0.016 
0.06 
0.10 
0.16 
0.20 
a 
a 
a 
a 
a 
a 
CHgCN/benzene 
0.016 
0.06 
0.16 
a 
a 
C K L C N / n - h e p t a n e 
3 
33.9775 GHz. 
0.160 
0.244 
0.753 
1.126 
1.757 
1.988 
0.027 
0.299 
0.843 
2.105 
0.176 
69.66 GHz. 
0.283 
0.432 
1.309 
1.792 
2.700 
3.741 
0.519 
1.464 
3.807 
0.478 
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111.4 Measurments of 
—• o 
Measurements of e were made on all of the solutions. These were o 
performed at Aberystwyth using a Wayne-Kerr B201 bridge instrument which 
measures the liquid's capac i tance at lOOKHz. S ince capac i tance is 
directly proportional to permittivity 1, the permittivity was obtained 
from calibration graphs of known liquid capaci tance against 
permittivity. The results are presented in table III.3. Also shown in 
tablelll.3 are calulated values for the C H . C N / C C L . solutions using 
O 3 4 
equation III.7.1 
€ 1 2 - l / e 1 2 + 2 = * 1 ( e 1 - l / € 1 + 2 ) + ® 2 ( € 2 - l / e 2 + 2 ) 111.7 
Where 12. 1. and 2 refer to the solution, solvent and solute 
respectively. <t>.j and * 2 are the volume fractions of the respective 
components in the solution. This equation is based on Debye's equation 
(equation 1.11) and so is only expected to be applicable to dilute 
solutions of non-interacting polar solutes In non-polar so lvents 1 . 
However table III.3 shows that even at very low concentrations this 
equation is not obeyed indicating that there are quite strong 
interactions between CHgCN and C C L ^ molecules. 
111.5 Data Analysis and Results 
In order to obtain r from the absorption data a modified F o u s s -
73 
Kirkwood equation was employed, r is obtained from 
V = [ ( 3 € + € J / ( € +3€ ) ] 1 / 2 / 27TT ....111.8 
max l v o c r ' o or J / m 
where v „ is obtained using max 
c o s h - 1 ( G * ( V ) / V ) v = £log ( v m / v ) ....111.9 max e max' 
( a ( v ) / v ) 
where a is the absorption coefficient in amplitude ratio, v is the 
frequency in Hertz and 0 an empirical parameter (0</9<l). A plot of the 
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Table 1113 e_ values 
-o 
Mole Fraction 
C F L C N / C C L 3 4— 
0.01 
0.016 
0.06 
0.10 
0.16 
0.20 
0.30 
0.40 
0.50 
0.60 
0.70 
1.00 
CHgCN/benzene 
0.016 
0.06 
0.16 
J IHgCN/n-heptane 
0.027 
2.388 + 2 % 
2.450 
3.050 
3.652 
4.670 
5.188 
7.382 
9.576 
12.412 
15.753 
19.636 
36.500 
2.600 
3.220 
5.120 
2.224 
€ 1 2 ( c a l c ) 
2.406 
2.529 
3.370 
4.124 
5.415 
6.233 
8.534 
11.706 
13.948 
17.081 
20.859 
Literature values, e Q for pure C H 0 C N 
Solution data 
CHgCN/CCI^ 
12 M.F. 
0-1 
0-15 
0-2 
36 .23 1 1 
3 7 . 4 1 0 
*o 
3.60 
4.38 
5.20 
Calculated using equation III.7 with e (CCL )= 
C20C) 
2.234 1 
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left hand side of equation III.9 against ln(v) for a ser ies of a ' s 
(usually between 4 and 6) is a linear plot with a slope of 0 and an X -
axls intercept of ln(v) . The modification of the original F u o s s -
max 
14 
Kirkwood equation is In using a/v instead of e" (see equation 1,46), 
so to correct for this the square rooted factor in equation III.8 was 
73 
introduced . This factor was derived using the Debye equations (1.5 and 
1.6). and s ince it is known that these equations do not predict a ( w ) 
very well above e " ( w ) m a x ( s e e chapter II) this equation will only be 
used on a/v data below ( a / v ) m a x - T n e analysis technique was tested using 
<* (CJ) data generated using equations 1.5,1.6.1.46 and 1.47 with eQ = 
12 37.5, € =2.25 and r=6 0xl0 s e c o n d s (see footnote 1.1). The analysis oc 
yielded r=7.Op.s., that is 17% too high, and 0=1.0. Then using 
€ o =5 ,0 ,e a =2 .25 and r=6.0p.s. the equations III.8 and III.9 gave r=6.2ps. 
i.e 3% too high, and 0=0.96. These results must be borne in mind when 
the method is applied to the experimental data. The values for for 
these solutions were obtained from the Kramers-Krbnig analysis shown in 
chapter V (see table V.1). The frequency at which the £ t f values were 
measured was 250cm \ 
Some typical plots of a/v against log Q (v ) and corresponding F u o s s -
Kirkwood plots are shown in Figs.III.6,7 and 8. The solutions above 0.2 
mole fraction CH CN In CCI were too highly absorbing to be measured at 
34 and 70QHz so that ( a ( v ) / v ) m could not directly be observed. In order 
to estimate the value of (a(.v)/v) of the remaining solutions my data at 
34GHz was plotted along with that of 0.25 mole fraction data of 
75 11 Eloranta and pure liquid data of Mansingh at the same frequency (see 
Fig.III.9) .from which an estimate of the a(34GHz) value of the 
solutions 0.3 to 0.7 mole fraction was read off. It was expected from 
5 1 
FigJII.6. a/v curve and resulting Fuoss-Kirkwood plot. OLCN/CCl. 001 M.F 
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Fig.HI.7 a/v curve and resulting Fuoss-Kirkwood plot. CHgCN/CCl^ 
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RgJII.8. a/v curve and resulting Fuoss-Kirkwood plot. CHgCN/n-hept. 0 027M.F 
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the previous anplysls that the value of a ( v ) / v at this frequency would 
be c lose to Its maximum value. The justification for using the 
literature data was that the data of E l o r a n t a 7 5 and M a n s i n g h 1 1 fitted in 
very well with my data at the frequency of 18GHz see Fig.III.9. 
Fig.III. 10 shows this point plotted for the 0.5 mole fraction data 
together with the corresponding Fuoss-Kirkwood plot. The estimated 
accuracy in the r values obtained is +or- 0.5ps. for the 0.01 to 0.2 
mole fraction solutions and +1.5 or -1 .0 for the 0.3 to 0.7 mole 
fraction liquids. The value of r for the pure liquid was calculated from 
the combined data of J a n i k 1 2 , V a u g h a n 1 0 and M a n s i n g h 1 1 . Table III.4 
24 22 
shows the computed r values together with the Powles . Glarum and 
23 
Cole (CGP) (chapter I equation 1.14) modified values. Fig.III.11 Is a 
plot of the unmcdified r values against mole fraction. Table III.A. also 
shows the computed values of 13. These are a measure of the deviation 
from the Debye equations in terms of the width of the €"(<*;) c u r v e 1 . They 
are all less than one which means that the band is broader than the 
Oebye prediction. They do not show any trend and so the spread in their 
values is probably an indication of the accuracy of the experimental 
points. 
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Fig.III.10. a/v curve and resuming Fuoss-Kirkwood plot. CH3CN/CC^0-5M. 
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Table III.4 Microwave T values from theFuoss-Kirkwood Analysis. 
All r values are In p icoseconds. 
C H ^ C N / C C L solutions 
3 4 
M.F. T T ( C - G - P ) $ 
0.01 3.26 +0.5 3.20 0.96 
0.016 2.91 2.83 0.76 
0.06 3.88 3.54 0.83 
0.10 4.55 3.97 0.82 
0.16 4.35 3.60 0.70 
0.20 5.90 4.79 0.79 
0.25* 5.46 4.33 0.87 
0.30 6.14 ±1.0 4.72 0.82 
0.40 6.23 4.64 0.92 
0.50 6.47 4.70 0.93 
0.60 6.60 4.71 1.00 
0.70 5.50 3.88 0.85 
1.00 $ 6.00 4.12 0.90 
CH CN/benzene 
0.016 3.23 iO.5 3.09 0.81 
0.06 3.55 3.19 0.79 
0.16 3.91 3.17 0.75 
CH CfM/n-heptane 
0.027 2.04 1.98 0.92 
This value was calculated by the Fuoss-Kirkwood method on the data of 
Eloranta 
^ This value was calculated using the Fuoss-Klrkwood method on the 
combined data of M a n s i n g h 1 1 . V a u g h a n 1 0 and J a n l k 1 2 . 
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Chapter IV. 
Far- infrared Measurements. 
60 
IV. 1 Bas ic Principles of Interferometry 
For very good detailed accounts of the principles of interferometrlc 
76 53 spectroscopy see the books of Bell and Chamberlain . This account 
will only point out the important experimental considerations In the use 
of an interferometer. A diagram of a conventional Michelson 
interferometer is shown in Fig. IV. la. The Beckman RIIC F S - 7 2 0 
instrument in Durham has this basic layout. 
The source is a mercury vapour lamp which emits radiation In a 
continuous form from the far-Infrared to the ultraviolet although It Is 
relatively weak in the far-infrared region. The radiation is amplitude 
modulated by a mechanical rotating blade chopper operating at 12Hz. This 
is coupled with a phase sensitive detection system to enable only 
radiation modulated at the chopper frequency to be detected. This 
reduces the amount of background noise in the interferogram. The beam Is 
then split into two parts at the dielectric CMelinex') beamsplitter. 
One half is reflected onto the moving mirror and the other half is 
transmitted onto the stationary mirror. The two beams are then 
recombined at the beamsplitter with some of the radiation then being 
focused onto the sample, after which it is refocused onto the Golay 
detector window. The essential feature of an interferometer is the 
introduction of a phase difference between the two beams. In this 
Interferometer it is done by moving a moving mirror so as to create a 
path difference between the two beams. The recombined beams then form an 
interference pattern of intensity against path difference which then has 
to be Fourier transformed into the frequency domain. For a single sided 
symmetric interferogram we have 
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I ( x ) - I 0 = j 2S(V)COS(277VX) dv IV.l 
l(x) is the intensity In the Interferogram. ^ a constant offset (mean 
level) in the interferogram and S(v) the spectral intensity In the 
frequency domain. If x is measured In cm. then v is In cm, \ The main 
advantages of this technique for far-Infrared spectroscopy (where the 
output from source Is relatively low) over conventional grating 
spectrometers such as a grating mid-Infrared spectrometer are: 
a) Fellget or multiplex advantage. 
This ar ises because all of the spectral range Is observed for the 
duration of the experiment, whereas In grating spectrometers the 
spectral elements are observed Individually through a slit for short 
periods. This means that e a c h spectral element in the c a s e of the 
interferometer will be subject to less noise (from external sources) 
than in the sequential spectrometer. This leads to several possible 
76 
gains in sensitivity over a grating spectrometer . This only applies If 
the spectrometer is detector noise limited (i.e. most of the noise Is 
due to the detector) where the noise Is frequency independent, and this 
76 
is expected to be the c a s e with far-Infrared radiation detectors 
b) Jacquinot advantage. 
This is otherwise known as the throughput advantage, which means 
that an interferometer has high energy throughput compared to that 
allowed through the narrow slit of a grating spectrometer, enabling high 
signal to noise ratios to be achieved. The radius of the beam is limited 
by the first mirror In the Instrument after the source which Is about 4 
inches in diameter in the F S - 7 2 0 . 
The major disadvantage is that a computer Is required to Fourier 
transform the interferogram Into the frequency spectrum which means that 
63 
it cannot be seen In real time. However, on the Durham instrument there 
is now a microcomputer Into which the interferogram is fed directly and 
then Fourier transformed. This reduces the lag to a minimum. 
IV.2 Experimental Considerations 
a) Beamsplitter 
Fig.IV.2 shows the relative efficiency of the various gauge 
beamsplitters which can be used In an experiment. The spectral range of 
interest in these studies was 0 to 300 cm 1 so the type most often used 
was 25 or 50 gauge (6 and 12.5 microns In thickness). The sinsoldal 
variation In the efficiency curves is due to interference within the 
thin film its self. 
b) Spectral Resolution 
The resolution of the spectrum in the frequency domain is determined 
by the total path difference between the two beams 
A v = 1 / * m a x , V 2 
where Av is the resolution In the frequency spectrum and x m a x ' s the 
total path difference between the two beams. 
c ) Allaslng 
The Interferograms are sampled digitally at pre-controlled intervals 
of mirror movement. This means that the interferogram function has to be 
evaluated as a summation rather than an Integral. 
n=(runax/2 -1) 
S(v)=AxLI ( r iAx) eos2TTVn^x IV.3 
n= (-n .max/f 
This means that In the evaluation of the summation the computed spectrum 
will be repeated along the frequency axis every (2Ax) \ where only one 
is required. E a c h repeated spectrum is cal led an alias. In addition, 
there are alternating negative a l iases along the axis which may overlap 
with the positive ones to give a distorted spectral profile. Alias 
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overlap Is prevented by using filters to cut off radiation at frequncles 
above (2Ax) 1 from forming part of the Interferogram. A convenient 
sampling interval to use Is 8 microns which has an aliasing frequency of 
625cm 1 for which a convenient filter is black polythene. 
d) Dynamic Range 
Filtering of high frequencies not required in the spectral range of 
interest is also desirable in order to fill the dynamic range of the 
analog to digital converter with only those frequencies in which the 
spectral feature Is observed. This is particularly relevant s ince the 
intensity of the source output inc reases with increasing frequency. 
e) Mirror speed, sampling Interval, amplifier time constant and 
amplifier sensitivity 
These four parameters have to be adjusted in order to obtain the 
maximum signal to noise ratio In the Interferogram while ensuring that 
the interferogram function is correctly sampled. 
IV.3 Computation of an Interferogram 
A typical digitised interferogram Is shown In FiglV.3. To begin with, 
the average value of the interferogram is removed so that only 
modulation above and below the mean level is present. Then four main 
procedures have to be applied to the data in order to obtain the 
spectrum. 
a) Sampling Error Correction 
When the interferogram Is digitised It is unlikely that the grand 
maximum at zero path difference will be sampled precisely at its peak. 
This will result in an asymmetric interferogram being recorded. Other 
asymmetries may be introduced by misalignments within the Instrument, 
although these are reduced to an absolute minimum by fine adjustments to 
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the moving and stationary mirrors. 
An interferogram function can be substantially symmetrised by 
autocorrelating a double sided interferogram. A double sided 
interferogram is a complex function consisting of a real symmetric 
cosine part and an assymmetric imaginary sine function. If the 
53 
interferogram Is unsymmetric we have 
I (x)= u 
• + C C 
S(v)exp(27rvx)dv IV.4 
where S(v) is the complex spectral intensity. Fourier transformation 
gives 
S(v)= l e Mcos(2 t fVx)dx- l l 0(x)sln(27rvx)dx ....IV.5 
If the interferogram Is symmetric the sine part Is zero. However, if a 
complex Interferogram Is autocorrelated 
f(k)*f(k)= f(h+k)f(h)dh IV.6 
J -cc 
53 
according to the Wiener-Khlnchin theorem the Fourier transform Is the 
modulus squared of the Fourier transform of the function 
f[f(k)af(k)]exp.(277lkx)dk = I f ( X ) | 2 IV.7 
As the interferogram Is made virtually symmetric by autocorrelation the 
exponential can be replaced by the cosine function. This method was used 
In a program rai led FTRAN6. 
An alternative approach which only involves the collection of a 
82 
single sided interferogram. Is called phase correction . This method 
involves the computation of both the sine and cosine transforms in order 
to obtain the phase function of the spectrum <S»(v) which is the sine 
68 
transform divided by the cosine transform. This is evaluated from just a 
few points aro'ind the central maximum as only very low spectral 
53 
resolution is required . The Fourier transform of this function (*(x)) 
is then convolved with the interferogram to produce a symmetric 
function. 
J - c c 
I <x)= S Q (v)exp(-27rvx)dx IV.8 
6 I 0 
[S.(v)exp(- i«(v))]exp(+l«>(v))exp(27rvlx)dv ..IV.9 
-ot 
=l u (x) a xCx) IV. 10 
The subscripts o and e refer to odd (asymmetric) and even (symmetric) 
functions. It is found that this convolution puts a small non-zero mean 
level back into the Interferogram which has to be removed. This method 
was used in the program called HIBRD which had been supplied by Q.M.C. 
b) Apodisation 
B e c a u s e the interferogram cannot be collected to infinite path 
difference there will be truncations at each end of the interferogram. 
These truncations would then lead to distortion of the spectrum 
obtained. The ends of the interferogram are reduced smoothly to zero by 
a process of mathematical filtering called apodisation. In this process 
an apodlsing function (in the programs used by the Durham group a cosine 
function) is convolved with the Interferogram. The function used Is 
A P O D = c o s 2 ( 0 ) IV. 11 
where 9 goes from 0 to n/2 as the Interferogram goes from the central 
maximum to the far wing. The effect of apodisaflon is to reduce the 
resolution by a factor of approximately two. 
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c) Fourier Transformation 
Both programs. FTRAN6 and HIBRD, use the Cooly T u k e y 7 7 fast Fourier 
transform method on a single sided symmetric interferogram to calculate 
the cosine transform. Fig.IV.4 shows transmission spectra obtained using 
both programs on the same Interferogram. As can be seen they are 
virtually indistinguishable. 
IV. Cooled Detector and Polarising Optics 
The low frequency limit of the Golay detector is 15 to 20cm \ s o . 
in order to measure down to 4cm \ a specia l liquid helium cooled 
Indium/Antimony photoelectric detector (made by QMC Industries Ltd.) was 
used. Together with this the instrument was converted to operate In the 
78 
Martin and Puplett polarising mode, in which the energy throughput at 
low frequencies (<100cm ^) is greater than that of the standard mode of 
operation. 
a) Martin and Puplett Polarising Mode 
FiglV.lb shows the basic layout of the polarising system. A detailed 
description of the Beckman instrument converted to operate in this mode 
79 
can be found in the MSc. thesis of J a m e s . In this system the wire 
grid chopper modulates the radiation into alternating mutually 
perpendicular polarisations. The wire grid beam splitter arranged at 
such an angle will only transmit radiation of the correct polarisation 
which, when combined with the reversal in polarisation produced by the 
roof mirrors, means that no radiation Is reflected back to the source 
when the beams are recombined at the beamsplitter. The polarisation 
produced by the chopper means that the mean level of the Interferogram 
is removed. This has the practical advantage that the full dynamic range 
of the analog to digital converter can be more fully utilised I.e. 
70 
Fig.IV.4. Fourier t ransforms (cosine) of the same interferogram 
us ing two methods of s y m m e t r i s a t i o n 
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b). Obtained using phase c o r r e c t i o n method (HIBRD) 
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increasing sensitivity of the amplifier does not shift the mean level of 
the interferogram. The spacing of the wires in the wire grids controls 
the upper frequency limit which, for the Durham Instrument, is about 
120cm \ Fig.IV.b Is the ratio of an instrument background collected in 
polarising mode to one collected In convential mode. Both were collected 
using the Golay detector. 
The frequency range 3 to 40cm 1 was covered using the photoelectric 
detector. For this range a 32 micron sampling interval was used with a 
67cm 1 Cambridge filter. 
IV.4 Collection Of Spectra 
a) Sample Handling 
The instrument was evacuated to a pressure of 0.001 Torr except for 
the sample compartment which was purged with dry nitrogen gas. The 
interferometer is a single beam instrument which means that spectra with 
all the background instrumental features removed have to be obtained by 
ratioing a sample spectrum against an Instrument background spectrum 
collected immediately after the sample one. This quotient is the 
transmission spectrum of the sample. It is given by 
T(v)=S(v) . / S ( v ) . . . IV.12 
sample background 
The absorption coefficient is then 
( a ( v ) )= logJ l /T (v ) ] IV.13 
The samples were held in a standard demountable Beckman F H - O l liquid 
cell mounted in a Beckman VLT-2 variable temperature cell holder which 
was maintained at 2 0 ° C + or - 1 ° C by a thermostatted water supply from a 
TECAM TU-14 temperature controller and water circulator. 
For the solution spectra the cell windows were made from high density 
polyethylene with P T F E s p a c e r s ranging In thickness between 100 microns 
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and 3mm depending on solution concentration. All the solution spectra 
were obtained with the cell containing the pure solvent as the 
54 
background. The pure solvent spectra of O'Neill were used to calculate 
the error introduced into the absorption coefficient of the solute by 
this method of removing the absorbence of the solvent. The error was 
found not to be greater than 0.4% in any of the solutions. 
The spectrum of pure CHgCN was very difficult to obtain because of 
its very high absorbence. Very thin spacers had to be used. These were 
25.50 and 75 microns In thickness at which errors caused by spacer or 
window compression become important. For this reason the more rigid 
window material 'TPX' (poly-4-methyl-pent-l-ene) was used. This material 
is also transparent to light so that any cell leakage can be easily 
observed. Leakage did indeed occur with CHgCN which was overcome by 
attaching a constant supply of liquid to the cell from a syringe. To 
check that the spectra were reliable several experiments were made at 
time intervals of two or three months with new cell windows used each 
time. The reproducibility was found to be + or - 20%. The sample and 
background spectra were made using liquid samples of different 
thicknesses. 
The high frequency spectra (20 - 300 cm )^ were collected using the 
instrument in its conventional mode. An 8 micron sampling interval was 
used and a mirror drive of 5mm for a double sided Interferogram gave a 
spectral resolution of 2.4cm \ The high frequency spectra were always 
collected as a double sided interferogram because in the computation of 
a double sided interferogram the autocorrelation process smoothes and 
averages the function to reduce the noise in the interferogram and 
53 
averages out fluctuations in the intensity from the lamp . The spectra 
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were computed using FTRAN6. 
The low frequency spectra (4-40cm were collected using the cooled 
detector and the instrument In the polarising mode. A total mirror drive 
of 1.5 microns for a single sided Interferogram gave a spectral 
resolution of 0.6 cm \ The length of time the cooled detector can be 
operated for is determined by the cryostat's hold time for the 
(expensive) Helium. So in order to get the maximum use of the Helium 
only single sided interferograms were collected. These were then 
transformed using the program HIBRD. 
b) Assessment of errors 
The thickness of the windows was measured before and after an 
experiment to check on any compression. This was found to be less than 5 
microns. To check on possible contraction of the spacers' particularly 
the thinnest ones a spacer was held between wedge shaped silicon windows 
and scanned through the mid-infrared region on a Perkin-Elmer 580Z 
spectrometer. The resulting Interference fringes caused by reflections 
due to the large difference in refractive index between air and the 
silicon (n=3 to 4 in the mid-infrared region) enables the space between 
the windows to be calculated from 
b=nX,X /2(X.-X ) IV.14 
I s I s 
where X. is a convenient long wavelength, X Is a convenient short 
wavelength, n Is the number of complete cycles of transmission maximum 
or minimum between X and X and b the cell thickness. Using a cell 
i s 
tightened to the same amount as one used in an experiment no contraction 
of the spacer was detected. 
The transmitted radiation is reduced not only by absorption due to 
the sample but by reflection at the various interfaces due to 
differences in refractive indices. See Fig.IV.6. 
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Fig .IV. 6 
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According to one form of Fresnel's equations 
, r / , o = f ( n 2 _ n i ) / < n 2 + n l ) l 2 I V 1 5 
54 71 -1 where n for the liquids is about 1.5 ' between 20 and 200cm and 
81 
that of the windows Is about 1.4 . This gives the ratio In equation 
_3 
IV. 15 of about 1.0x10 I.e. provided the refractive Indices of the two 
media are similar then reflection losses are very small. However, n 
rises appreciably obove 1.5 In the low frequency regions ( below 25 cm 
) for the pure liquid and high concentration solutions. For n =2.0 the 
ratio in equation IV. 15 becomes 0.02. 
Taking all these factors together the estimated maximum errors in 
the absorption coefficients are + or - 10% for the solutions up to 0.4 
mole fraction and + or - 20% for the remaining liquids. 
IV.4 Results 
Fig.IV.7 shows the very close overlap between the low and high 
frequency data collected on the two types of detection systems. Table 
IV. 1 gives the far-Infrared absorbance data for all the solutions. The 
table shows that the absorption per mole remains constant within the 
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experimental error accros the concentration range in C C j 4 i.e. Beer's 
law is obeyed by these solutions. The table shows how the slight 
decrease in peak height is offset by a slight increase in band width 
accross the concentration range to maintain the fairly constant (within 
the experimental error) absorption per mole. In addition, the values for 
the C C I 4 solutions are very similar to those of the benzene solutions 
but markedly different to the n-heptane solution. Fig.IV.8 shows 
complete far-Infrared spectra of some examples of low concentration 
solutions in CCI^, benzene and n-heptane together with a medium 
concentration in C C L and the pure CH CN. It can be seen from this and 
table IV. 1 that the peak positions of the Benzene and CCi^ solutions are 
the same wheras that of the n-Heptane solution Is 30cm 1 lower. The peak 
position of the pure liquid is 20cm 1 higher than the CCI^ and Benzene 
dilute solutions. All the i> data is shown plotted in Fig.IV.9. The 
max. 
value for the band height at a ( v ) m a x o f t h e P u r e "quid is 670 nepers 
per cm. (one neper is an e-fold decrease of the density of energy) This 
83 84 compares with a value of 456 Bulkin 103 by Hindle . about 225 by 
Vaughan^ but is much closer to that of Knozlnger^^ which is 800. I 
suggest that the dlscrepencies are due to the problem of accurately 
determining the cell path length. 
Fig.IV. 10 shows the interpolation which has to be made between the 
microwave and far-Infrared spectra for a typical solution. 0.1 mole 
fraction in CCI^. Clearly In terms of a frequency scale of cm 1 the 
interpolation can be readily performed. Fig.IV. 11 shows the 
interpolation required when there was no microwave data at 34 and 70QHz. 
This is a much more serious problem and does lead to relatively large 
uncertainties In the correlation functions obtained from this sort of 
spectrum (see chapter V.). 
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Table IV. 1 Far-Infrared Data 
M.F. Cone. ( v l A v l / 2 A. (a) 
v 'max. f i v 'max 
mole.dm-3 cm-1 cm-1 neper cm-1. mole-1 
CH„CN/CCI, 3 4-
0.01 0.099 71.8 ±3.0 87.72+10% 3413.77+10% 37.1 ±10% 
0.016 0.170 72.4 95.39 3962.48 37.5 
0.06 0.652 73.5 93.20 3662.26 36.6 
0.10 1.085 74.6 91.01 3413.92 36.5 
0.16 1.825 80.0 93.2 3558.5 36.0 
0.20 2.294 80.0 93.20 3610.17 36.6 
0.30 3.608 82.2 93.20 3723.5 35.7 
0.40 5.072 85.5 96.49 3939.6 36.8 
0.50 6.718 86.6 99.78 ±20% 3929.6+20% 36.4 +20% 
0.70 10.682 88.8 107.46 4363.37 37.3 
1.00 19.137 93.3 100.88 3712.7 35.1 
CH 3CN/Benzene 
0.016 0.182 72.4 *ao 95.4+10% 3727.9±10% 35.7±10% 
0.06 0.704 74.6 100.88 3725.8 35.0 
0.16 1.955 80.0 97.58 3597.6 35.1 
CH 3 CN/n -Heptane 
0.027 0.189 44.76 ±3.0 81.88 + 10% 2691.48+10% 33.0+10% 
a 
A( is the Integrated absorfion per mole in nepers per cm. Measured 
from 0.0 to 250cm 1 . 
is the band width at half height. 
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Chapter V. 
Analysis of Combined Microwave and Far-Infrared Data. 
84 
V. 1 K rame : s - \ • ' . r onAna lvs i s 
This section presents the results from the Kramers-Kronig (see 
chapter 1.7) analysis on the rnicrowave/far-infrared spectra. Fig.V.I 
shows the K(i>) function for the 0.016 rnole fraction CH 0CN in CCL 
3 4 
solution. This function was Hilbert transformed (chapter 1.7) to give 
the n ( r ; ) curve shown in Flg.V.2. This was then used to give (equation IA9) 
the e " ( u ) curve shown in Fig.V.3. This figure also shows the calculated 
Debye curve for this solution. This clearly shows that the deviations 
from the Debye curve in the observed spectra are in the high frequency 
bulge and lower € " ( v ) m a x ' 1 1 c a n a , s 0 D e seen that the integrated 
intensities of both curves are about the same, indicating that both 
arise from fluctuations of the same dipolar quantity. 
Figs.V.4.5 and 6 show n(5) curves obtained for 0 . 0 1 6 mole fraction 
solutions of CH„CN in CCI, and benzene and 0 .027 mole fraction in n -3 4 
heptane, all of which have approximately the same concentration of CH CN 
molecules per unit volume (about 0.18 moles per litre). Fig.V.4 also has 
plotted the measured refractive Index data of James ' ' 0 obtained on a 
dispersive interferometer at NPL for a 0.018 mole fraction solution at 
14"C. The agreement between the two curves is within 1% at any point. 
f-ven this small difference can probably be accounted for by the fact 
that the measured curve Is for a solution whereas the calculated curve 
was computed from a solute spectrum. Fig.V.7 is the calculated n(J>) 
curve for the pure liquid. All the n(v>) curves clearly show a shallow 
minimum displaced by several cm 1 to the high frequency side of ( v ) max, 
which, as already stated, must be due to resonance energy transfer to 
86 
oscillating dipoles in the liquid. Chantry first attributed the far-
infrared absorption to lattice type vibrations of the dipoles in a 
86 
pseudo ca^je within the liquid. Chantry found for measurements on 
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chlorobenzene that the integrated intensity of the liquid phase far-
infrared band was very similar to that of the solid phase lattice 
vibrations occuring In the far-Infrared. The very large width of the 
minimum in the n(v> and Indeed of the far-infrared band itself Is 
understood in terms of the ' c a g e ' of near neighbours which form a 
66 
potential energy well in the pseudo lattice . The local order will be 
asymmetric and will only extend for a very short distance away from the 
probe molecule. This is as opposed to the solid phase where the order is 
symmetric and the order extends throughout the whole crystal. The order 
has only a short lifetime because of the motions of the molecules. All 
these factors lead to a very broad spread of resonance frequencies 
One of the problems still to be decided In the work on the far-Infrared 
' resonance ' absorption is whether the resonance Is regarded as a 
separate molecular motion to the relaxation of the molecule as In the 
86 
liquid lattice vibration approach or simply the short time part of the 
same relaxatiqjal motion (see chapter 11.7). More theoretical work is 
required to resolve this problem. 
The Kramers-Kronlg relation between e 1 (u) and e " ( w ) : 
e 1 ( w ) - e =2/w e" ( w ) d w ' / w ' - u V.l 
at u)=0 
pee 
e " ( u ) d u ' / w ' V.2 
Jo 
€ o 
was also used to provide an internal check on the data. Table V.l shows 
(e - e ) where e (a) is from equation 1.50. € (b)=2.25 (see Chapter I) o a? & M as K 
and € ^ ( 0 ) is from equation V.2. The results for e^(c) are 10% greater 
than those from the other two methods. This may be due to the large 
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Table V,1 Kramers-Kronlg Analysis 
M.F. e (a) <e - e )(a) (e -2.25>(b) (e - e )(c) 
on o oc o o ee 
C H 3 C N / C C I 4 
0.01 2.26 0.128 0.138 0.145 
0.016 2.22 0.23 0.200 0.258 
0.06 2.28 0.77 0.800 0.873 
0.10 2.10 1.552 1.402 1.774 
0.16 2.52 2.150 2.420 2.503 
0.20 2.47 2.718 2.938 3.156 
0.30 2.32 5.062 5.132 5.896 
0.40 2.46 7.116 7.326 8.265 
0.50 3.25 9.162 10.162 10.445 
0.70 2.28 17.356 17.386 19.949 
1.00 2.49 34.010 34.250 38.170 
CH^CN/benzene 
0.016 2.34 0.260 — 0.292 
0.060 2.32 0.900 — 1.002 
0.160 2.56 2.650 — 3.009 
CHgCN/n- -heptane 
0.027 2.00 0.224 — 0.241 
(a) , (b) , (c) s e e text. 
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limits of the integration. If the limit is reduced to 200cm 1 the 
agreement is much better. 
V.2 Gordon's Sum Rule 
As already stated In chapter 1.6 the second moment of the spectral 
intensity and to a c lose approximation the Integrated a(v) intensity are 
independent of molecular interactions and therefore single molecule 
properties. A formula linking the integrated intensity of the far-
infrared absorption with the permanent dipole moment and molecular 
59 17 
moment of inertia has been proposed by Gordon and Brot , where for 
symmetric top molecule 
A . = 2 7 r A 2 , ( l / I J / 3 c 2 V.3 
1 calc d 
where A. Is the integrated absorption intensity per molecule, evaluated 
in this work from 0 to 250cm \ c is the velocity of light and all other 
symbols are as defined previously. The absorption intensity is corrected 
49 
using the Polo-Wilson internal field correction factor. If M c a ) c Is 
87 
greater than M g a s (=3.92 Debyes ) the difference might then be 
attributed to the formation of Interaction induced dlpoles which have 
not had time to average out. Measurements of ix at microwave frequencies 
probably do not contain contributions from collision induced dipoies 
because at low frequencies (long time) the molecules have had time to 
20 
return to their equilibrium configurations. In the Onsager model the 
dipole moment of the molecule is enhanced by the reaction field of the 
polarised (by the central molecule) surrounding sphere of molecules on 
the central mo lecu le 7 . The enhanced dipole moment Is given by 
M*=<2e +1)(€ +2)u /3 (2e +e J V.4 
o c ? gas o cs 
a 
where is that of the pure solute. The values of n ca lc . and fi are 
shown in Table V.2. The results agree very well with those of Sato et 
95 
Table V.2 Gordon's Sum Rule 
87 
/ ig g s =3 .92 Debyes . all n values given below are In Debyes. 
P-W corr. M.F. H ^ c a l c ^ c a l c 
C H 3 C N / C C I 4 
0.01 4.57 4.71 4.07 
0.016 4.56 5.07 4.39 
0.06 4.72 4.88 4.22 
0.10 4.83 4.71 4.07 
0.16 4.95 4.81 4.16 
0.20 5.00 4.84 4.19 
0.30 5.14 4.92 4.26 
0.40 5.23 5.06 4.37 
0.50 5.30 5.05 4.37 
0.70 5.38 5.32 4.60 
1.00 5.46 4.91 4.25 
C H 3 C N / b e n z e n e 
0.016 4.62 4.92 4.25 
0.06 4.75 4.92 4.25 
0.16 5.01 4.84 4.18 
C H 0 C N / n -3 -heptane 
0.027 4.52 4.18 3.7 
88 
For solutions from 0.03 to 0.16 moles per litre Sato et al obtain the 
following results using the Polo-Wilson correction factor: 
C H a C N / C C I 4 M c a ) c -4 .4 D 
CHgCN/benzene tfca|c =4.6 D 
CHgCN/n-hexane ^ c a ) c = 4 - 3 D 
96 
al (also shown in Table V.2). It Is seen that \l c a l c . agrees best with 
li when the Polo-Wilson (PW) factor is not used to correct A ( . This may 
again point to the Inadequacy of this correction factor. The reaction 
field corrections may also be Incorrect s ince the cavity is unlikely to 
be spherical nor will the C H g C N molecules have the same polarisabillties 
along all three mutually perpendicular axes of the molecule. These 
problems also affect the Polo-Wilson factor s ince it is based on the 
Onsager model (See chapter 1.4). 
There is an additional problem in the use of the sum rule as pointed 
89 
out by Ried . This concerns the fact that at short times random 
orientations caused by the librational motion of the molecules will not 
be averaged out. These errors depend on the size of the angle through 
89 
which llbration o c c u r s . Ried calculates that for a swept angle during 
llbratlon of 6 ° the error in fi would be 4%. 
As far as one can suggest from this analysis, the presence of 
collision induced dipolar absorption In the far-infrared band of these 
solutions and pure liquid Is small compared with the absorption due to 
the permanent moment. This means that the solute-solute and solute-
solvent Interactions in these solutions are not large enough to distort 
the solute molecules enough to produce any observable effects In the 
intensity of the solute spectra. This may be due in part to the very 
large permanent moment that CHgCN p o s s e s s e s 'swamping' the effects of 
induced dipoles. However, sum rule studies on less polar molecules such 
88 
as CHgl and CHClg by Sato does not indicate the presence of any 
notable amount of collision induced dipolar far-Infrared absorption. 
V.3 Band Moment Analysis 
97 
Flgs.V.8.9.10 and 11 show plots of equation 1.39 for the n=2 (second 
moment) and n=4 (fourth moment) functions for 0.01 mole fraction CH CN 
o 
in C C I ^ and the pure liquid. These show how the band moments are 
weighted by the high frequency part of the spectrum and how they are 
34 35 33 
modified by the KKV ,NZ and Hill correction factors. It can be seen 
that these factors reduce the intensity by more than 50%. This cannot be 
taken as very reliable s ince these factors are based on models which 
90 
predict a Debye type plateau for the far-Infrared absorption intensity 
Calculated second and fourth moments are listed in Table V.3. T h e s e 
49 
have been corrected for Internal fields using both the Polo-Wilson and 
34 
KKV correction factors (which gave the same results as the Hill 
factor). The c lass ica l value of fv?2 - the rotational second moment -
24 - 2 
independent of interactions Is given by 2kT/l b =8.95xlO s e c . at 293K. 
It is purely a measure of the rotational kinetic energy of the CH CN 
molecule. The moments of Inertia might, however, differ between 
91 
molecules in dense media and in the gas phase 
The best agreement with this value comes from the use of the KKV 
factor, where the values show an average positive deviation from 2kT/l 
of 12% although the value from the n-heptane solution Is smaller than 
the c lass ica l value. When the P-W factor Is used the M 2 is about 50% 
greater and shows a slight general increasing trend as the concentration 
of CHgCN Increases . This trend Is not present in the integrated a(u) 
data so must be due to the P-W correction factor Itself. All of the 
second moments are higher than the theoretical value by an amount that 
Is greater than the experimental error. As d iscussed In section V.2 this 
probably cannot be attributed to the presence of Induced dipolar 
absorption but rather to the inadequacies of the correction factors and 
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the inherent problems In making intensity measurements in the far-
infrared as mentioned In V.2. 
The fourth moments are presented In table V.3. Again there is very 
92 
good agreement with the results of Sato et al . It is expected that the 
fourth moments will be more affected by the presence of induced dipolar 
48 
absorption as this is thought to be more important at short times 
which is where the fourth moment functions have most of their spectral 
weighting. The fourth moments again do not show any trend when the KKV 
factor Is used but do show a pronounced increase when the P-W factor is 
applied. This latter behaviour agrees with the predictions of the Mori 
model (Chapter II. Eq . 18) in which < v ) m a x Is proportional to the 
fourth moment which is In turn proportional to the intermolecular 
torques (see equation 1.40) and as Fig.IV.9 shows the ( v ) m a x does 
Increase on Increasing concentration. The fourth moments of the benzene 
solutions are similar to those In the C C I . solutions while that in the 
4 
n-heptane solution is very much smaller. It c a n be seen that the 
intermolecular torques are greater In the pure CHgCN solution than In 
dilute C C I 4 and benzene which are about the same while they are about a 
third as large in the alkane solvent. Thus the Intermolecular (of which 
the intermolecular torques are a measure) Interactions between solute 
and solvent molecules are probably smaller in n-heptane than In CCI^ and 
benzene. This is probably due to greater induced and dispersion forces 
in the latter two solvents than in n-heptane due to their larger 
polarisabiiities as indicated by their larger values (see table V. I ) . 
The greater Interactions in C C I . and benzene is illustrated by the 
complete mlscibillty of CH^CN with them whereas It is only sparingly 
soluble In n-heptane. 
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Table V.3 Band Moments 
24 - 2 50 - 4 2nd moments are xlO s e c . and 4th moments are xlO s e c . 
M.F. M2 P-W corr. M4 P-W corr. M2 KKV corr. M4 KKV corr. 
C H X N / C C U 3 4 -
0.01 14,C8±10% 36.06±10% 9.54±10% 23.95+10% 
0.016 16.56 46.45 11.18 31.42 
0.06 15.53 48.68 10.18 32.12 
0.10 13.90 34.56 9.93 24.99 
0.16 15.93 49.68 9.30 29.47 
0.20 16.0*. 44.97 9.56 27.46 
0.30 16.17 56.06 10.23 36.53 
0.40 17.70 64.51 10.41 39.48 
0.50 20.35+20% 76.39 ±20% 8.61 ±20% 33.88 ±20% 
0.70 19.48 76.73 11.99 51.04 
1.00 17.61 55.01 9.66 34.31 
C H 3 C N / b e n z e n e 
0.016 15.93 ±10% 53.39 ±10% 10.21 ±10% 34.18 ±10% 
0.06 15.95 49.26 10.24 31.85 
0.16 16.25 52.53 9.31 30.61 
CHgCN/n- -heptane 
0.027 11.37 13.04 8.01 9.22 
The following results were obtained by Sato et al for solutions 
between 0.03 and 0.16 moles l i t re" 1 and employing the Polo-Wilson 
correction factor. 
C H . C N / C C I . M 4 = 3 2 . 3 5 x l 0 5 ° s e c . " 4 3 4 
C H 0 C N / n - h e x a n e M4=19 .19x l0 5 0 s e c " 4 
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V.4 Reorientatlonal Correlation Times 
Fig.V. 12 shows the absorption c r o s s section (chapter I equation 23) 
for the 0.2 mole fraction solution in C C I ^ and Fig.V.13 the absorption 
c r o s s section of the pure liquid. F l g s . V . l Z and 13 also show how the 
correction factors modify their shapes. It Is seen that the Intensity is 
reduced but the width of the bands at half height remains very similar. 
The interpolation between the microwave and far-infrared data 
occurs at a critical region in the spectrum corresponding to the region 
around e " ( w ) m a x ' The Interpolation required for the spectra of the 
solutions up tp 0.2 mole fraction required an Interpolation of only 
about 1cm 1 which was quite straightforward. The microwave data for the 
pure liquid was taken from the combined results of V a u g h a n 1 0 , Mans lngh 1 
12 -1 
and Janik . The high frequency limit of this data was 1.07cm from the 
Manslngh paper. The errors in the r values calculated from the resulting 
correlation functions I estimate to be + or - 0.5p.s. As shown in 
chapter IV the interpolation required for the higher concentration 
solution spectra is much more difficult. For these spectra a gap of 
about 3cm 1 had to be interpolated. Using trial interpolations by eye I 
a s s e s s the errors in the calculated r values to be + or - l.Op.s. 
In order to calculate the correlation functions the spectra had to 
be Interpolated to a constant frequency interval. This was done to 
0 . 2 5 c m - 1 using a NAG routine (E01AAF) In the program INTERPOL. The 
resulting spectra were found to be Identical to the originals. The 
correlation functions were calculated using a 'slow' Fourier transform 
program cal led FIRFT. 
A frequency interval of 0.25cm 1 gives a theoretical long time 
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91 reliability limit in the correlation functions of t m a x =7r /Aw=12p .s . 
However, because of the interpolation required (see above) this limit 
was reduced to an estimated 7 or 8p.s. this is not large enough to 
permit the integration of the area under the function in order to obtain 
the correlation time. The relaxation time was calculated from the slope 
of the log of the long time part of the functions r . This is the time © s 
domain which is well descr ibed by Debye type relaxation p r o c e s s e s 1 ' 7 
(see chapter ID. in addition the was also calculated. This was 
then compared with r g in order to show how much the correlation 
functions deviated from pure Lorentzlans. The frequency range over which 
the correlation functions were calculated was 250cm 1 which means a 
91 
theoretical resolution limit in the correlation functions of 
A w = 7 r / u m a x =0.06 p.s. 
An example of a normalised correlation function Is shown in 
F l g . V . U . The functions were normalised so that their value at t=0.0 is 
1. Figs.V. 15.16 and 17 show the natural logarithms of the correlation 
functions for the 0.016. 0.2 and 1.0 mole fraction solutions in C C L . 
4 
These show that the correction factors have little effect on the value 
of r obtained from the slope of the log plot. The relative amount of 
their effect is small at low mole fraction. It increases with increasing 
CH CN concentration until approximately 0.3 mole fraction and then 
d e c r e a s e s towards the pure liquid. Fig.V.18 shows the uncorrected log 
functions for the 0.016. 0.2 and 1.0 mole fraction solutions In C C L 
together with the 0.016 M.F. benzene solution and the 0.027 M.F. in n -
hepfane. 
Fig.V.19. shows the log of a pure Lorentzlan function (g(t)=exp(-*/7') 
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t / r ) compared with the experimental curve. It clearly shows the n o n -
exponential short time part of the motion. Some of the non-exponential 
part of the function will be due to the truncation of the c r o s s section 
function (see Fig.V. 12) before Infinite frequency. However, s ince the 
band was Fourier transformed out to 250cm 1 the truncation errors are 
expected to be unimportant. Also on Fig.V. 19 is the correlation function 
for free-rotor b e h a v i o u r 1 7 . The c l o s e n e s s of this function to the short 
time part of the measured function Implies that the short time part of 
the motion does consist of relatively unhindered rotatory motion which 
contributes only a small amount to the loss of orientatlonal 
permittivity but which leads to a very intense absorption per unit 
. . 38 length 
The full list of T far-Infrared values is shown in table V.4. The 
34 
corrected values using the Klug. Kranbuehl and Vaughan (KKV), N e e -
35 33 
Zwanzig and Hill correction factors (see chapter 1.4) are also 
shown. Table V.5 shows the calculated g(0) and g-factor values for all 
the solutions. The static correlation factors for the solutions are not 
expected to have very much physical meaning s ince the Internal field 
correction factors are not defined for solution data (see chapter 1.4). 
However the pure liquid factors do show a reasonable average of about 
0.66 which suggests some static orlentational ordering in the pure 
liquid (see later d iscussion) . 
The r ( s ) values shown In table V.4 compare closely with the 
relaxation times from the microwave analysis (see table III.4 and 
F ig . l l l . l l ; the latter Is also reproduced in this chapter). The 
differences are about lp .s . at low concentrations. This difference does 
lie within the experimental error; it Is difficult to account for but 
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Table V.4 Far- Infrared Correlation Times 
All T values are quoted 
M.F. r l , e 
CH„CN/CCL 
3 4 -
0.01 3.74±0-5 
0.016 3.45 
0.06 3.84 
0.10 4.13 
0.16 5.0? 
0.20 4 : 88 
0.30 4.79 no 
0.40 4.63 
0.50 4.29 
0.70 4.40 
1.00 4.00 
CH_CN/benzene 
3 
0.016 3.35*05 
0.06 3.35 
0.16 4.00 
CH„CN/n-heptane 
0.027 1.80 
in p icoseconds. 
T T (KKV.NZ) r (Hill) s s s 
3.92 3.92 3.92 
4.41 4.41 4.41 
4.73 4.46 4.63 
4.31 4.02 4.22 
6.52 6.18 6.37 
6.42 5.98 6.13 
5.93 5.65 5.78 
6.27 6.26 6.23 
6.27 6.18 6.23 
4.90 4.90 4.90 
5.88 5.88 5.88 
3.92 3.77 3.82 
4.26 4.02 4.17 
6.00 4.75 4.85 
2.35 2.35 2.35 
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Table V.5 Static Correlation factors 
M.F. g(0) g(0)KKV corrected Klrkwood g-factor 
C H L C N / C C L 3 4-
0.01 1.52 0.74 0.66 
0.016 1.59 0.77 0.69 
0.06 1.40 0.62 0.55 
0.10 1.71 0.77 0.68 
0.16 1.43 0.52 0.45 
0.20 1.44 0.52 0.46 
0.30 1.70 0.62 0.54 
0.40 1.70 0.56 0.49 
0.50 1.62 0.39 0.35 
0.70 1.95 0.66 0.58 
1.00 2.08 0.63 0.55 
Kirkwood q-factor with € =2.25. = 0.66 
CH^CN/benzene 
0.016 1.67 0.76 0.69 
0.06 1.48 0.64 0.58 
0.16 1.61 0.56 0.50 
CH^CN/n-heptane 
0.027 1.33 0.71 0.65 
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may be due to the failure of linear response theory as applied to the 
embedded sphere. I.e. the two values are made on different physical 
quantities, the relaxation time is an inverse frequency and the 
correlation time is measured from a correlation function. As the 
corrections to the correlation times do not lie within the experimental 
errors only the uncorrected ones will be d iscussed further. The 
relaxation times calculated from the microwave data as modified by the 
23 22 24 Cole . Glarum and Powles correction factor (equation 1.14) are all 
smaller than the uncorrected ones but do show a similar trend with 
concentration. However, this correction factor was not thought to be as 
26 
physically realistic by Deutch (see chapter 1.4) as the Fatuzzo-
25 
Mason approach which does not have a correction to the relaxation time 
(in the first approximation). This is reflected in the 'correct ions' to 
far-infrared correlation times which are based on the Fatuzzo-Mason 
result and are quite small . Consequently only the uncorrected data will 
be disussed further. The uncorrected far-Infrared r g values are plotted 
in Fig.V.20. Both sets of unmodified data for C C I 4 solution show the 
same general trend of increasing T up to about 0.2 m .f . . Then a plateau 
is reached. This is a very similar trend to that shown by the peak in 
the far-infrared absorption ( v ) (see Fig.lV.9). 
r max. 
Table V.4 also shows the T , . . These are smaller than the 
1/e 
corresponding T values and do not show the same trend, in fact they 
s 
display a rise to a peak value at 0.2 mole fraction In C C I 4 followed by 
a fall to the pure liquid. Rather than being a reflection of the 
behaviour of the relaxation times this probably shows just how much the 
short time non-lorentzlan part of the correlation function affects the 
longer time parts by 'pulling' the function down. This might suggest 
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that as ( £ ) m a x moves to higher frequencies (Flg.lV.4) the llbrational 
frequency of the molecule is higher and consequently orlentatlonal 
autocorrelation will decay faster. 
The rotation of CH CN molecules in benzene appears to be very 
similar to that In C C I 4 while in n-heptane It Is much faster. This must 
be due to greater interactions between the solute and solvent molecules 
in C C I 4 and benzene than in n-heptane. The interactions In these very 
dilute solutions in which dipole-dipole interactions will have been 
largely removed can be separated into short range rapidly varying 
- 1 2 
repulsive interactions (r dependence) or longer range more slowly 
_ g 
varying Cr ) attractive Interactions such as Induced dipole and 
93 
dispersive forces . As for the repulsive hard sphere interactions the 
relatively bulky chlorine atoms in CCI might hinder the rotation CH CN 
molecules by providing channe ls and barriers over which the CH_CN 
molecules must move. Benzene and n-heptane do not have such bulky 
groups. The magnitude of the inductive and dispersive forces is largely 
93 
determined by the polarisablllties of the solvent molecules of which 
€ is a m e a s u r e 1 ' 7 . Table V.I shows that C C L and benzene both have 
at 4 
higher values than n-heptane. Therefore, it might be suggested that 
the inductive and dispersive (attractive) forces are the controlling 
forces for the rate of reorientation In these solutions. It must also be 
mentioned that other multipole forces are also present but these have 
much lower orders of magnitude than the inductive and dispersive 
93 
forces and are thus thought to be less important. There Is also a 
correlation of relaxation times with the number density of the solvent. 
CCL„ and benzene have similar concentrations at 10.36 and 11.25 moles 
per litre respectively. N-heptane has a relativejy low molecular density 
121 
at 6.8 moles per litre. This means that there are less pairwise 
Interactions between CH_CN and n-heptane per unit volume than there are 
in the other solvents. Therefore, not only are the Interactions expected 
to be less strong in the n-heptane solution there will also be less of 
them per CHgCN molecule. As mentioned earlier the attractive forces 
between CHgCN molecules and n-heptane molecules are low enough to permit 
only sparing miscibility of the two liquids. It was found that the 
dilute solution used in these experiments (0.2 molar) was about the 
maximum concentration possible at room temperature. 
Applying similar reasoning to the concentration range in C C I 4 one 
can suggest that, as the solutions become more concentrated, the amount 
of dipole-dipole Interactions inc reases and the reorientation of the 
CHgCN molecules becomes more difficult. This interpretation is 
complicated by the possible p resence of molecular Intercorrelations 
between CHgCN molecules. This Is d iscussed more fully later, it must 
also be mentioned that CH^CN has a high molecular density at 19.13 moles 
per litre which means that the central or probe molecule is subject to 
many more intei actions In the neat liquid than in dilute C C I ^ solutions. 
The trends shown by the T values are also seen In the fourth moments 
and hence intermolecular torques (equation 1.40). I.e. as the torques 
increase the relaxation becomes slower. This is as expected s ince the 
torques between molecules are one measure of the intermolecular forces. 
This also means that as the torques increase the frequency of the 
librations increases indicating the greater difficulty for the molecules 
to undergo larger angle reorientational motion. The Intermolecular 
torques are directly proportional to the peak in far-Infrared curve 
106 
according to the 3 parameter Mori model of Evans et al (see chapter 
122 
11.4). 
I v2 =T 1 0 3 8 V.5 
r max q 
where l r is the reduced Inertia of the molecule and Tq Is the torque 
product. From the positions of ( v ) it Is seen that the Intermolecular r max 
torques in n-heptane solution are only 65% of those and those In dilute 
C C I 4 solution are 75% of the pure liquid. In addition, if the peak In 
this band is a librationai frequency as it is in the Itinerant 
67 68 69 
oscillator models ' then as the peak moves to higher frequencies 
the angle through which libration occurs and hence the volume swept 
during a libration is smaller i.e. 
e « l / v m a v V.6 
max 
B is the angle swept during libration which will be directly 
proportional to the volume swept. This means that as the mean square 
Intermolecular torques Increase the librating molecules have less room 
to oscil late and rotate within. This might suggest that the free volume 
of the liquids was varying between the different solutions. Experiments 
performed at high pressures would be able to illuminate this aspect of 
the rotational motion. 
The plateau in the plot of r as a function of mole fraction might 
suggest the formation of relatively stable long-lived clusters of CHgCN 
molecules which then reorient together. There is however, no reason why 
the contribution of CHgCN to the intermolecular potential should be 
94 
linear with concentration. There is evidence for the formation of 
dimers in the gas phase which give rise to a very weak band at 78cm 1 
due to intermolecular vibrational modes. K n o z l n g e r ^ . A . . 
" obtained an 
equilibrium constant for the dlmerlsation of 42 + or - 26 litre per 
mole. Then there is the possibility that some of the far-Infrared band 
1 2 3 
of the liquid is due to the s a m e Intermolecular vibrations. The sum rule 
analysis presented above does not indicate the presence of any other 
intensity than that due to dipolar rotational motion in the liquid. The 
presence of dimers in the gas phase does suggest that short range 
dipolar interactions in the liquid phase would be sufficiently stong to 
form dimers or clusters. Even if 'stable' long lived dimers are not 
present In the solutions and liquid their presence In the gas phase 
clearly indicates that attractive forces in acetonitrile are indeed 
strong over short intermolecular d istances. 
The increase In r on Increasing concentration In CCI^ Is the 
44 
opposite trend to that found by Versmold for the light scattering 
multimolecular correlation times. Versmold also quotes in this paper the 
T 2 r sl""^1© particle correlation times obtained from N.M.R. data by 
Bopp95 w h j c h a | S Q s n o w t n e s a m e decreasing trend with increasing CH^CN 
concentration. Versmold points out that this follows the bulk viscosity 
of these solutions with CH CN ( 0 . 3 4 5 c . p . ) 1 0 1 being less v iscous than 
C C I 4 (0.951 c . p . ) 1 0 1 . He found that the gradient of the viscosity curve 
was the same as that for the single particle with concentration. The 
93 
Stokes relation for rotational diffusion can be applied to relate 
relaxation time with macroscopic viscosity of these solutions 
T=47T7?a 3 / kT V.7 
where T\ is the bulk viscosity and a Is the radius of the 'spher ica l ' 
molecule. It Is the value taken for this quantity which will decide 
whether the relation above Is completely obeyed. The viscosity can be 
d iscussed in terms of the shapes of the molecules as defined by the hard 
sphere dimensions. The cylindrical shaped and relatively smooth CHgCN 
molecules (see Fig.1.1> can move around each other more easily than they 
124 
can in CCI^ where the bulky chlorine atoms provide channels which hinder 
the rotation of the CHgCN molecules. 
If r 1 r single particle does follow the viscosity and decrease on 
increasing CHgCN concentration then it is the c r o s s terms in the total 
correlation function which increase with increasing dielectric strength. 
—6 
This implies that the long range electrostatic forces (r ) do not show 
(2) 
up in the light scattering data. This is probably because the g is 
more sens i t ive to short range forces than it is for long range dipolar, 
inductive and dispersive interactions. A value for single particle 
has been obtained from the mid-infrared vibration band v g for the pure 
96 97 liquid by Breuillard-Alliot using the Rakov method to remove the 
vibrational line width. In this approach the liquid Is solidified in 
order to remove rotational motion to leave only the vibrational line 
width. This can then be separated from the liquid phase vibration-
rotation band. However, there Is no reason why the vibrational line 
width should remain constant with temperature (see chapter VI). In 
addition, this band is also disturbed by a small hot band in its low 
is close 
frequency wing. The value they obtained was 3.2p.s. at 298K. T h i s / t o the 
T single particle obtained from the microwave far-infrared dilute 
solutions of CHgCN in C C I ^ and benzene. Therefore, taking a value of T l r 
single particle of 3p.s. for the pure liquid and an average r 2 r single 
. < ., < i ,95,98,99,100,101.102 , . . . . particle for the pure liquid of 1.1 (which is an 
average obtained from various techniques, Raman. NMR and Rayleigh 
experiments which vary between 0.9 and 1.4p.s. for similar temperatures) 
the ratio of T l r / 7 " 2 r ~ 3 a 9 r e e s w i t n t n a t P r©dlcted for rotational 
103 
diffusion by Hubbard . This may be just coincidence when one considers 
the difficulties in determining . It Is also known that Debye type 
125 
rotational diffusion is not an accurate model for the rotational motion 
of the molecules especial ly at short times (see chapter ID. 
28 
Applying the Keyes-Klvelson equation (equation 1.16) assuming no 
dynamic correlation see (chapter I). 
g=rtotal / rs ingle particle V.8 
with T total 6.0p.s and g=0.70 gives rs ing le particle of 9.0p.s. This 
means that because of the strong static correlations implied In the 
value of g less than one CHgCN reorientation is much slower In the pure 
liquid than in any of the non-polar solutions. I.e. dipolar and 
inductive interactions dominate over short range repulsive interactions. 
This high value of r single particle compared with the value of 3.1p.s. 
might suggest that there are dynamic angular correlations present In the 
44 
pure liquid and F Is not zero. Versmold applied this equation again 
assuming F=0 
(2) 
g =Tls(total)/T2r(slngle particle) ...V.9 
which yielded a value of 1.6 for Fig.21 shows a plot of functions P 1 
(2) 
and P 2 from which it can be seen that the g of 0.7 and g of 1.6 agree 
fairly well to suggest an average preferential static mutual 
orientations between 90 and 180° . This is an antiparallel aifangement 
between adjacent molecules. This might suggest that the dlpoles are 
aligned along side each other so as to have opposite charges of the 
dipole next to each other. However, a head to head arrangement of the 
molecules also constitutes an antiparallel configuration. The agreement 
between the far-infrared and light scattering static correlation factors 
Implies that the light scattering correlation times contain no dynamic 
correlations. This again suggests that the dynamic correlations are due 
to slowly varying dipolar and inductive interactions which the light 
126 
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scattering experiment is not sensitive to. The Keyes-Kivelson theory 
can also be used to calculate the relaxation time for the distinct 
correlation function for rotational diffusion. Again, this is thought to 
apply fairly well to the long time part (relaxational) of the 
reorientational motion (see chapter II) 
1 / T d i s t i n c t = l / 7 s l n g l e particle ~ 1 / 9 T t o t a l V 9 
where g is the static correlation factor taken as 0.66. If r is taken 
sp. 
as 3.Op s. and T T Q T as 6.Op s. then r d ( s is 0.12p.s. This Is faster 
than either the total or single particle relaxation times. According to 
Keyes and Kivelson it should be greater than either of them because It 
isolates the reorientation of many particles. This result reinforces the 
proposition that dynamic correlations between the angular momenta of 
adjacent molecules cannot be neglected as it appears they can be In the 
18 
second rank tensor, light scattering experiments 
104 
Chandler has applied his RISM (Rough Hard Sphere Theory) 
calculations to CHgCN. This model includes only short range rapidly 
varying repulsive forces acting between the molecules. He found that 
there was strong static preference for antiparallel angular correlations 
in the pure liquid T h e s e correlations were due to the shapes of the 
molecules and not dipolar interactions. The model does fit the 
experimental X-ray and neutron scattering structure factors in all but 
the region that corresponds to long range interactions. Chandler does 
concede that dipole-dlpole potentials do contribute to the static order 
of liquids. However, he also points out that the structure factors of 
C S 2 which has a very similar shape but no dipole moment to C H g C N are 
qualitatively similar. The experimental x-ray and neutron si te-si te 
structure factors are difficult to interpret In terms of angular 
1 2 8 
•) Q5 
correlations for light molecules because of the approximations 
involved in calculating, for instance, the nitrogen-nitrogen structure 
factor. 
V.5 Results of 2nd. Order Mori Model Analysis 
a. Calculation of T using eqns.II.18 ond 11.19 
The calculated T was 3.35p.s. This Is c lose to the r _ 
r for the dilute 
solutions in C C i . and benzene solutions. This value Is also similar to 
4 
103 
the value predicted for the single particle by the Hubbard 
equation from the 7 ; r , , „ ^ , u * o « ^ x r single particle data (see V.4) of about 3.0p.s. 
The model was in fact formulated to calculate single particle functions 
and s ince the far-infrared band should not have any contributions from 
molecular intercorrelations (see Chapter 1.6) the agreement with the 
predicted single particle correlation time is very good. 
50 '4 
The calculated 4th. moment (equation 11.17) was 125x10 s .This Is 
much higher than the measured values (section V.2). The value of the My 
parameter was 2.2 xlO 1 seconds . This data is an indication of the 
intrinsic quality of the model without any fitting to the observed data. 
b) Fitting of the Two Parameters K^O) and y Using Equation 11.12 
Two fits to the experimental curves were made. Fit 1 had the Polo -
49 
Wilson correction factor used to correct the intensity and fit 2 had 
no correction done. The fitted curves are shown In Flgs.V.22 and 23. the 
results of the fits in table V.6. As can be seen the best fit was 
obtained when the correction factor was used. Both fitted curves have a 
shoulder at about 15cm 1 which is not present In the experimental curve. 
This implies that the second order truncation Mori model has a 
separation beween the microwave (Debye) relaxation behaviour and the 
far-Infrared librational behaviour which Is not present In reality. The 
129 
Table V.6 Results of 3 Parameter Mori Model Analysis 
a) Calculated values 
M 4 x 1 0 5 0 s - ^ 1 / V x 1 0 - U s . 
125.0 2.17 
b) Fitted values 
Fit 1. 39.3 5.90 
Fit 2. 34.8 5.00 
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recalculated r values have an average of about 2.5p.s. which Is smaller 
but still quite similar to those d iscussed In section V.5.a. 
The calculated 4th moments are very similar to the measured ones. 
The model is therefore (unless this agreement is only coincidence) 
correctly simulating the far-Infrared absorption in terms of the 
intermolecular mean square torques. The torque correlation time 
parameter 1/y values are longer than those from the one in section 
V.5.a. This value being greater than nought reflects the move away 
from the rotational diffusion picture which has zero time duration of 
torques. 
Equation 11.12 has the property that as the peak in a ( v ) moves to 
47 
high frequency the peak in e"(v) moves In the opposite way . I.e. as 
the intermolecular torques increase molecular relaxation is slower which 
Is just what is found experimentally (section V.4). In addition, a s y Is 
proportional to K^(0) 11.19 this means that as the torque increases the 
duration of the torque is reduced. This again reflects the differences 
with the rotational diffusion picture In which the peak In a ( v ) is at 
infinite frequency and infinite torques act instantly. 
The recalculated € " ( v ) and e ' ( v ) are shown in FigV.2£. The curves 
reproduce the bulge on the high frequency side of the e " ( v ) function and 
the minimum in the € ' ( v ) which are observed in practice See Fig.1.2 and 
Fig.V.2. 
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More recent work on the Mori formalism has shown that, in 
molecules where the centre of volume is located at some distance from 
the centre of mass such as in bromobenzene then the libratlonal motion 
is strongly coupled to the translation of the molecule. In this 
situation a libration about the centre of volume which is the most 
133 
1 
(Ni 
LL 
00 
CO 
CM 
CO 
CD 
CD 
>o CM 
N CD 
CD 
CM en 
_ l o 
0) 
/ CD 
CM 
CM 
CD 
a 
CM 
C N 
> 
LL CO 
in i n m in CM CM 
134 
likely event in a condensed phase is made up of a libratlon about the 
centre of mass and a translational oscillation of the centre of mass . 
This separation is unlikely in CHgCN as the centre of m a s s and centre of 
volume are probably very c lose . 
V.6 Further Discussion 
Computer simulations of dynamic assembl ies of molecules can be made 
on computers of high central processing power. This method consists of 
solving the equations of motion for hundreds or thousands of Interacting 
particles. After a certain time the desired correlation functions can be 
extracted from the recoded motions of the particles. Computer 
simulations provide a means whereby experimental data can be 
reconstructed using an adopted intermolecular potential. There are 
problems in including long range forces In the intermolecular potential 
because only limited numbers of molecules (of the order of hundreds of 
molecules) can be simulated in one 'exper iment ' 1 7 . A d a m s 1 0 8 has 
simulated cylindrical molecules with a central point dipole and found 
some correlation between rotational and translational motion. It was 
found that orientational correlation was reduced more rapidly when the 
molecule was translating perpendicular to its main axis than along this 
direction. This is because in this direction the molecule presents more 
c r o s s sectional area for collision than when It moves in the direction 
of the major axis. In addition the molecule is more likely to move in 
this direction s ince it meets fewer obstacles to motion. On these terms 
there is some correlation between translational and rotational motion. 
These 'experiments' are not completely trustworthy because they involve 
the use of an assumed Intermolecular potential which may not be 
c o r r e c t 1 7 , it is expected that computer simulation techniques will lead 
135 
to new generations of models of motion in the future b e c a u s e they afford 
more accurate 'experimental' tests of the models than by fitting to 
M * > 17.109 observed data 
136 
Chapter VI. 
aman Study on the \ ^ v l b r s t i c r band of C H CN in Methano l S O I J 
137 
VI.1 Introduction 
This study is on the v 1 (C-H symmetric stretch) vibration band of 
CHgCN by Raman spectroscopy. The shape of a vibrational band Is affected 
3 
by the Intermolecular interactions In the liquid . It is hoped that a 
band shape analysis of the band when the nitrogen atom of CHgCN is 
'hydrogen bonded' to the hydrogen atom of the alcohol group of methanol 
will enable some of the mechanisms which cause the band broadening to be 
understood. In the solutions of CHgCN with CD^OD the biggest additional 
contribution to the Interaction potential above that in the pure liquid 
will be the hydrogen bonding interactions, the complex has an 
125 3 -1 
equilibrium constant of 2.6dm mol . The band Is the most intense 
band in the Raman spectrum of CHgCN enabling very dilute solutions to be 
studied at high signal to noise ratio. Its vibrational frequency in the 
liquid Is at about 2940 cm V In addition, the band is relatively 
undisturbed by other vibrations. It does have some intensity from v g at 
3003 c m - 1 but this is overcome by using only the low frequency half of 
the band which Is not thought to contain any Intensity from the v g band. 
Raman band shapes were analysed by the correlation function method (see 
chapter I. equations 1.27 to 1.31) the Raman scattering correlation 
functions are obtained from the Fourier transform of the polarised and 
depolarised spectra. 
I , s o < w > = I w t o ) - 4 / 3 I V H t o ) 
aniso 
VI. 1 
VI.2 
<S> (t)= L (w) coswt dw (90 VI.3 
band 
( ( A ) ) COSWt QUI « (t)fi>„ (t)= I 
aniso 
VI.4 
band 
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43 The depolarisation ratio ( P = ' V H / ' I W ) ° ' , h e v l b a n d 0 f C H 3 C N , s 
extremely small p=0 .009 1 1 0 . which is too small to allow the rotational 
(<X>2r> correlation function to be obtained from the spectra using 
equation 1.34. 
Several w o r k e r s 1 1 0 1 1 4 have attempted to elucidate the non-
reorientational mechanisms by which the band Is broadened In the 
liquid. There are two basic subdivisions into which vibrational 
broadening can te d i v i d e d 1 1 5 1 1 8 . 
a) Energy relaxation. These processes are transfer of vibration 
energy to the surrounding molecules via rotational and translatlonal 
degrees of freedom; also vibrational energy redistribution to other 
al 
vibration^ modes. This may be possible with because of the presence of 
other bands of similar frequency (e.g. v g 3003. v^+v^ 3000. 2 v g 2800 and 
2 v Q + v 0 2 9 9 0 c m " 1 ) 1 1 0 . o d 
b) Phase coherence Is lost through Intermolecular interactions. The 
frequency of vibration of a molecule is changed because the interaction 
energy of the excited molecule with its surroundings Is different to 
that of the molecule In its ground state. This is due to electrical and 
mechanical anharmonicity of the vibration. In the second cause of phase 
relaxation the vibrational frequency of the excited molecule is shifted 
because of vibrational coupling with surrounding molecules. In this 
situation vibrational energy is not confined to a single molecule. In 
both these cases one gets a distribution of frequencies caused by random 
mutual orientations and separations between molecules. 
139 
If the frequencies of energy fluctatlons in the probe molecule's 
surroundings do not match the vibrational frequencies, then phase 
relaxation will be much faster than energy relaxation and will 
118 
therefore, determine the band width . For the vibration h^ Is about 
ten times kT so it is expected that phase relaxation will control the 
band broadening. 
The interactions change as a function of time according to the 
motions of the molecules. The short time part of the vibrational 
correlation function exhibits the static structure of the liquid. The 
band is said to be Inhomogeneously broadened 1 1 7 . At longer times the 
static structure is averaged out by the molecular motions of the 
surrounding molecules and the band is said to be motionally narrowed 1 1 C 
Now only pure phase relaxation remains and the band is said to de 
homogeneously broadened. 
Previous studies on \jy of the pure liquid by Y a r w o o d 1 1 0 and 
112 
Schroeder found no additional motional narrowing on increasing the 
temperature. This Implies that as the attractive forces which may 
contribute to the band width are thermally averaged out and the band Is 
not narrowed these interactions are probably not be a major factor in 
determining the width if this particular band. This In turn might 
suggest that repulsive interactions play a mojor role in determining the 
width of this band. Dilution studies In CCI^ by Yarwood 1 1 0 et al showed 
quite a sharp decrease In r y on increasing the concentration of CHgCN, 
going to a much less steep curve at 0.2m.f. This a similar but reverse 
trend to that shown bv T , far-Infrared multlmolecular correlation time. 
' 1 r 
(see chapter V). One might suggest that this is due to the presence of 
clusters' of C H . C N which only break up when the dilution of CH CN 
140 
molecules falls to 0.2 mole fraction. However, as pointed out by 
Yarwood 1 1 0 there is no reason why the contribution of CH g CN molecules to 
the intermolecular potential should be linear. On going from the pure 
liquid to a very dilute solution r y increased from 1.5p.s. to 2.8p.s. 
This shows that as the slowly varying (r dependence) dipolar 
interactions are removed and replaced by Interactions with the C C I 4 
solvent the vibrational relaxation gets slower. The remaining 
interactions which cause the band broadening may be due to dispersive 
(r dependence). Inductive, (r ) octopolar (less than r ) or 
repulsive interactions (r 1 2 ) 1 1 0 . In another paper by Yarwood, work on 
119 
CHgCN diluted in both polar and non-polar solvents was reported . Here 
it was found that the band was 1cm 1 wider in the polar solvent CD_N0 o 
than in the pure liquid and between 1 and 2cm 1 narrower In other non-
. ~ r% , ^ 1 . n >• This suggests that assuming polar solvents ( C S 2 . CgDg, ( C ^ B ^ ) y 
additional forces present in these solvents above those in the pure 
liquid are not tco great about 5cm 1 of the band broadening is caused by 
other interactions than dipole-dlploe interactions. The additional 
interactions would be due to greater inductive, dispersive and repulsive 
116 
forces. However, the theory developed by Doge suggests that the 
dipole-dipole interactions are strongly dependent on the lengths of the 
interacting dipoles and these are difficult to estimate. Therefore, it 
is difficult to monitor what effects are expected If ground state 
dipolar interactions are important in vibrational band broadening. 
Transition dipole Interactions (leading to resonant energy transfer 
between adjacent vibrating molecules) were not thought to contribute 
very much to broadening of the v 1 band since there was very little 
effect when CH ON was diluted in CD CN In which the transition dipole is 
141 
much different to that in the pure liquid because of its different 
normal coordinate for the vibration. 
VI.2Kubo Line Shape Theory. 
According to Rothschi ld 1 1 7 , since the vibrational correlation 
functions have a short time Gaussian part and a long time Lorentzian 
tail and there is no inflexion between them, then the average spread of 
2 
transition frequencies at zero time <u > can be identified by the 
normalised vibrational second moment of the band 
where (JQ is the band centre. If vibrational energy relaxation is slow 
compared with dephasing then It can be ignored as determining the band 
121 
width. The binary collision model of Fischer and Laubereau has The 
energy relaxation 10 to 10 slower than phase relaxation. However. 
energy relaxation or the Intrinsic line width of the band can be 
126 
measured using picosecond pulse laser techniques . In this experiment 
a pump pulse from the laser increases the population of molecules in the 
excited vibrational state. This gives rise to enhanced anti-Stokes Raman 
scattering of a second pulse of different frequency. Varying the delay 
time between the pump and probe pulse, the rise and decay of the excess 
density of molecules in the excited state is observed. The decay of the 
scattering signal Is a direct measure of the energy relaxation time. 
122 
Using this method Harris has obtained a value for the Intrinsic 
relaxation time of v-j of CH g CN of 5.3p.s. Thus if these measurements are 
122 
accurate energy relaxation is not slow enough to be neglected 
oc 
<cj >=M I (cj-td_) (w-w ) dw 
so 
CO 
OC 
(w-w ) dw iso 
VI.5 
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123 Assuming only phase relaxation, then Kubo has shown that for each 
116 
process that contributes to <S> 
PP 
2 2 * (t)=exp{-<w >[tr +T„ exp(-t/r )-l])..VI.6 PP c c c 
where r is the correlation time for the fluctuations in the 
c 
intermolecular potentials. It is a measure of the rate at which the band 
is 'motionally' narrowed. If the potentials are slowly varying - slow 
2 
modulation - i.e. <u> >1/2T » 1 . then c 
«> (t)=exp(-1/2<w2>t2) VI.7 
PP 
T c is not Involved. This is a Gaussian function. This equation also 
applies to the short time part of the fast modulation case. For long 
times in the slow modulation limit 
2 2 2 * (t)=exp(-<w >tr +<w >T ) VI.8 pp r c c 
2 
In the fast modulation limit <w >1/2T «1 then 
c 
* (t)=exp(-<w2>T t) VI.9 
PP c 
This is a Lorentzlan correlation function. As already stated observed 
correlation functions have a small Gaussian short time part t<<rc which 
in the m o d e l 1 1 7 corresponds to oscillators vibrating with random phase 
in different molecular environments which have not yet had time to 
rearrange through fluctuations (and the Initial phase Is rapidly lost 
since each perturbation remains significant for a long time) as time 
increases and t>>r . M and T determine the phase loss in the rapid 
C 2 C 
modulation limit where there Is slower loss of phase as the effect of 
rapid perturbations decreases rapidly and a Lorentzlan profile is 
2 
observed. The siope of log * (t) versus t is -<w > T SO if r 
e pp c v 
vibrational relaxation = r phase relaxation and the vibrational 
PP 
correlation function is Lorentzian then 
* „ Jt)=exp(-t/r )=exp(-<w2>tr ) VI. 10 
pp pp c 
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and 
1 / T R =<W 2>T^ VI. 11 
PP c 
2 
<w > can be measured for the band since the high frequency side of 
the band Is undisturbed for 50cm 1 from the band centre. In this work r y 
and r have been evaluated for a series of solutions In which CH„CN is c 3 
subject to long-range slowly varying (with distance) interactions with 
methanol. In fact CDgOD was used in order to avoid interference from the 
band of the H compound. 
VI.3 Experimental 
All the spectra were recorded at the Institut fur Physlkalische 
Chemie der Technischen Universitat, Braunschweig. West Germany, in 
collaboration with Professor G. Doge and his research team. 
The spectra were recorded on a Coderg LRT80 Laser Raman Spectrometer 
connected to a Spectra Physics 171-06 Argon Ion Laser operating on the 
green line (514.5nm). The power was adjusted depending on the 
concentration of CHgCN in the sample but was between 1 and 4 Watts at 
the sample. 
The laser light was polarised before entering the sample and after 
the sample a rotating analyser allowed the polarised Qyy) and 
depolarised (L.,J components of the scattered light to be separated. The 
vrf 
analyser was placed at 90° to the incident beam with the polarised light 
being scrambled before it entered the photomultipller to avoid any 
difference in sensitivity the photomultlplier might have to the 
polarisation of the radiation. The scattered radiation was scanned 
through a spectral slit of width no greater than 1.3cm \ The width 
depended on the concentration of CH CN In the solution. This is varied 
to give a high signal to noise ratio in the spectrum without putting too 
1 4 4 
much slit function in the measured band. A slit of 1.3cm is 28% of the 
band width which is low enough to avoid band distortion 1 1 0 . The 
resolution from a silt of this size puts a theoretical long-time 
91 reliable limit In the correlation function of t =n/Lu = 12p.s. The max r 
time constant of the detection system was also adjusted to give a 
smoother signal but was not made too slow as to Interfere with the speed 
at which the spectra were digitised. The time constant was usually 
0.1 sees, and the spectra sampled for 5secs. at every 0.25cm \ This was 
achieved by use of a stepping motor to drive the monochromater and a 
photon count integrator attached to the photomultiplier. The total 
number of counts at each frequency interval was punched on paper tape by 
a Facit 4070 punch. The spectrum was also displayed on a Servoscrlbe 
chart recorder. 
The samples were contained in a glass 1cm section ultra-violet cell. 
All the liquids were spectroscopic grade. The CD„OD was supplied by 
CIBA-Geigy. The liquids were distilled before use In order to remove 
dust particles which can scatter light and put noise in the spectrum. 
The temperature of the sample was maintained at 15°C by circulating 
water from a Hac:ke F.S. temperature controller. 
VI.4 Computation 
The spectra were analysed in Durham on program NEW1. The program 
performs several manipulations on the data. First the points were 
linearly interpolated to 0.125cm 1 intervals in order to permit more 
accurate location of the band centre. The band centre was taken as the 
average of the centre of the band at 70. 80 and 90% of the band height. 
The accuracy in the peak positions is estimated to be + or - 0.5cm \ A 
Gaussian slit function of width equal to the slit width used was then 
145 
deconvoluted from the band. The normalised second moments were then 
calculated. Next the isotropic function was calculated, the band was 
normalised and the Fourier transform of the centre outwards to about 
50cm 1 away from the band centre was performed using a 'slow' Fourier 
transform method to calculate the cosine transform. The 50cm 1 scanned 
frequency limit yields a time resolution in the correlation function 
91 
of At=77/wmax.=0.3p.s, r v was obtained by Integration. 1/e drop and 
from the slope of log of the correlation function. 
6 
The errors In the calculation of T produced by random noise In the 
spectra are not thought to lead to errors of more than + or - 0.1 p.s. 
Errors in the calculation of the vibrational second moments are much 
greater. It is now thought that their computation up to 50 cm 1 from the 
band centre is about half as far as is necessary to properly obtain 
M2(vlb.) (see ref?* 112). This means that the M2 values are all smaller 
by an inestimable amount (It might be as much as 50%) than they should 
be. Discussion involving M2 can thus only be on a qualitative level. 
VI.5 Description of Solutions 
A series of three experiments was performed. 
a) The ratio of CD OD to CH CN was kept constant at 4:1 while the 
relative amount of C C L was increased from 0.0 to 0.8 mole fraction. 
b) The concentration range of CHgCN in CD g OD was studied from 0.07 
to 0.9 mole fraction. 
In both a and b. the band was measured from 2900 to 2950cm 1 i.e. 
approximately 6cm 1 beyond the band maximum. 
c) A short concentration range of CD CN In CH OH of 0.07 to 0.2 mole 
fraction. The peak frequency in the deuterated compound is at 
approximately 2115cm \ This band has some structure In its low 
146 
frequency wing and so the high frequency half of the band was used. The 
spectra were recorded from 2110 to 2160cm \ 
Examples of spectra are shown in Figs.VI.1.2 and 3. 
VI.5 Results and discussion 
a) C H 0 C N / C D 3 O D / C C I 4 System 
Table VI. 1 shows all the data for the CH CN/CD OD/CCI. solutions. 
w \J *R 
Fig.VI.4 shows a typical correlation function and Fig.VI.5 is the 
natural log. of this function. 
The variation in the peak frequency of vibration on increasing 
concentration of C C I 4 is seen as a steady decrease from 2943.375 to 
2941.125 cm \ This is tending towards the value In a dilute solution of 
CHgCN In C C I 4 which is 2 9 4 0 . 5 1 1 0 c m - 1 . This suggests that the C C I 4 
molecules have little difficulty in 'penetrating' the 4 CD.OD molecules 
surrounding the central CHgCN molecule and affecting the C-H stretching 
vibration. Frequency shifts from the gas phase value of the central re-
branch line are thought to be caused by distortion of the molecule by 
the reaction field on the central molecule by the field induced in the 
124 
surrounding molecules . The magnitude of the shift is determined by 
the dielectric properties of the surrounding molecules. The magnitude of 
124 
the shift can be obtained from the following expression by Buckingham 
Aw/w = C + C, (e - l / 2 e +1) + C_(€ - l / 2 e +1) VI.12 
' 1 O O 2 Of OP 
where the C constants depend only on the vibrating molecule. The greater 
shift in the presence of C C I . molecules suggests that the second term In 
VI. 12 is unimportant i.e. that dipolar forces do not affect the 
frequency shifts to any large extent. This then Implies that the third 
term in VI.12 is the controlling factor. The greater shift In CCI^ 
suggests that this solvent has a higher € Q value than the CHgCN/CDgOD 
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solution and indeed pure CH„CN . The latter proposition Is. however, 
not borne out by the sQ data obtained by the Kramers-Kronig analysis 
data presented In chapter V which has CHgCN and CCI^ having similar e Q 
values. 
The T values are shown In table VI. 1. First It should be stated 
that the T. values are all smaller than they should be because the 
correlation function has not decayed to zero at the limit of the 
integration which was 5p.s. (see Fig.VI.4). It is estimated that the r ( 
values are about 5% too small . This means that the r. and T , , values 
I 1/6 
are very c lose to e a c h other both of which are about 10% larger than the 
T values. S ince r measures the relaxation of the long time part 
(Lorentzlan) of the motion this means that the short time Gauss ian part 
of the correlation function adds about 10% to the total relaxation time 
of the band. Some of the Gauss ian contribution will be due to truncation 
of the band before infinite wavelength I.e. before the band has decayed 
completely to zero. However, the band was recorded over a range of 4 0 c m -
from the band centre at which point the band had become almost 
completely level (see Fig.VI. 1). Therefore, it Is thought that most of 
the Gauss ian part is a real reflection of the short time part of the 
relaxation of the v 1 vibration. All three sets of correlation times show a 
steady increasing trond (about 0.5p.s. a c c r o s s the concentration range) 
as the concentration of C C l ^ is Increased. As with the peak frequencies 
this Is a trend towards the value in a dilute C C I 4 solution (1.66p.s. 
for a 0.06 mole fraction s o l u t i o n 1 1 0 ) . The M 2 and \ data do not show any 
trend within the experimental error. This means that In the rapid 
modulation limit (equation VI.9) assumed in this calculation the 
structure around the probe molecule in all of these solutions decays at 
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Table VI.1 C I -LCN/CD»OD/CCL Solutions 
Q Q is) 
All T values are in 
- 1 2 
10 seconds . M is 
24 
In 10 
2 
s e e s 
C C L M.F. 4 
1 
r 
V 
s 
T 
V 
1/e 
T v 
2 V s 
T c v(max)cm 
0.00 1.70 1.50 1.72 1.31 0.45 2943.375 
0.10 1.72 1.55 1.77 1.58 0.37 2942.750 
0.218 1.74 1.65 1.85 1.49 0.39 2942.375 
0.399 1.87 1.75 2.00 1.34 0.43 2941.875 
0.501 1.89 1.70 1.94 1.37 0.39 2941.750 
0.596 2.00 1.90 2.14 1.01 0.51 2941.375 
0.800 2.21 2.22 2.46 1.02 0.44 2941.125 
CH-,CN:CD-,0D = 1:i 
1 5 4 
the same rate. The trends shown by v and T„ indicate that the 
mail 
interactions In the C H C N / C D OD system are strong enough to c a u s e 
greater perturbation of the frequency of vibration and faster dephasing 
of the v 1 vibration than when C C I ^ molecules are present. T h e s e 
interactions are readily replaced by what is thought to be weaker 
interactions with C C I ^ molecules leading to slower dephasing. Th is can 
be rationalised by the fact that the dipolar and 'hydrogen 
bonding' interactions affect the CN end of the CHgCN molecule which Is 
at the opposite end of the molecule to the C - H stretch. The results a lso 
suggest that the ratio of 4 C D 3 O D molecules to 1 C H 3 C N , s n o t m a m t a m e d 
in a 'stable' cluster around the CHgCN s ince the C C I ^ molecules can get 
c l o s e enough to interact with the CHgCN molecules. The Interactions with 
C C L 4 molecules will be l e s s In number of pairwlse Interactions b e c a u s e 
of its much lower number density than C H g C N and CD^OD (10.4 moles per 
litre compared with 19.1 and 21.9 respectively). This m e a n s that e a c h 
pairwlse interaction with C C I ^ molecules in these liquids which leads to 
the dephasing of the band is probably a s strong a s If is with the 
other two liquids. T h e s e results Imply that attractive interactions do 
not greatly affect the width of the V1 v ibrat ional band In these solutions. One 
might again suggest that repulsive Interactions and/or energy relaxation 
play a major role in determining the width of this band. 
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b) CHgCN/CDgOL) and CDgCN/CHgOH solutions 
Typical correlation functions for these solutions are shown In 
Figs.VI 6 -10. Results from analysis of the bands are shown In table 
Vl.2. The peak frequency data does not show any trend In the CHgCN/CDgOD 
system. This suggests that whatever interactions affect the peak 
frequency in these solutions they are essential ly the s a m e In all of 
these solutions. In addition, the vibrational relaxation times show only 
a slight variation a c r o s s the concentration range, the relaxation In 
dilute CO 0 0 solution being about 0.1 p.s. faster than In the most 
O 
concentrated solution. T h e s e results show that the m e c h a n i s m s 
responsible for relaxation in pure CHgCN and in these solutions lead to 
very similar relaxation rates. This might suggest that the Interactions 
which lead to band broadening are also similar. There Is little 
variation in r e as well. Indicating that the structure around the probe 
molecule which affects the vibration Is modulated at the s a m e rate 
a c r o s s the concentration range. 
The data for the CDgCN/CHgOH system shows that the relaxation of the 
band In the deuterated compound is slower than it Is In the H-compound. 
115> 
The s a m e behaviour was found for the pure liquids by S c h r o e d e r et al . 
This observation suggests that (if all other Interactions a r e equal In 
the hydro and deutero compounds) that frequency dependent interactions 
which c a u s e band broadening are quite Important for the v-j band. 
According to the binary coll ision model of Kaiser et a l 1 2 1 for vibrational 
relaxation f is proportional to 1/ct) . This Is the opposite trend to 
that found for the v-, band on going from C H CN to C D CN in which the 
vibrational frequency falls from about 2943 to about 2115 c m ~ \ in addition, 
this model has ^T r decreas ing exponentially with increas ing 60 . which is a 
trend in the s a m e direction a s found for the v 1 vibration on going from 
C H g C N to CDgCN. However, the difference in mass between D and H also af fects 
, . . . . . 112.121 
the band width, 
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Table VI.2 CH„CN/CD_OD and C D o C N / C H _ 0 H Solutions 
CHgCN M.F. 
1 
T 
V 
s 
T v 
l / e 2 k 
V 
i 
r c v(max)cm
 1 
0.072 1.61 1.45 1.72 1.73 0.36 2943.00 
0.189 1.67 1.52 1.75 1.69 0.35 2943.25 
0.318 1.72 1.53 1.80 1.41 0.41 2943.25 
0.411 1.73 1.52 1.80 1.56 0.37 2943.25 
0.502 1.72 1.53 1.81 1.61 0.36 2943.375 
0.608 1.74 1.52 1.82 1.38 0.42 2943.375 
0.721 1.75 1.54 1.82 1.35 0.42 2943.00 
0.795 1.75 1.54 1.83 1.63 0.35 2943.25 
0.894 1.77 1.55 1.84 1.42 0.40 2943.50 
CDgCN/CHgOH 
CDgCN M.F. 
0.072 2.27 2.35 2.67 1.45 0.34 2115.0 
0.091 2.29 2.72 2.72 1.528 0.29 2115.375 
0.189 2.41 2.72 2.79 0.78 0.53 2115.375 
All T values are In p icoseconds. The vibrational second moments are in 
units of 10 s e c . 
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VI.6 Conclus ions 
T h e s e results on their own do not enable one to say which of the 
intermolecular Interactions is the dominant c a u s e of dephaslng. However. 
the measurement of the rate of energy relaxation of the band In the 
122 
pure liquid by Harris of 5.3 p.s. means that energy relaxation 
probably cannot be ignored In these systems. Assuming energy relaxation 
3 
and phase relaxation are uncorrelated then ' 
1 / r v = 1 / r e r + 1 / r p p v l 1 3 
gives values for rQr in the solutions studied here between 2.09 p.s. 
(solution 1 In the C H . C N / C D _ O D / C C I . system) and 5.5p.s. (first solution 
3 3 4 
in the C D C N / C H OH system). This Implies that phase relaxation and 
energy relaxation contribute broadely similar amounts to the vibrational 
relaxation time. Clearly measurements of the energy relaxation by the 
122 
pulsed laser technique would be required on all of the solutions to 
verify this. 
As already mentioned the slower relaxation for Vj in C D g C N than C H ^ C N 
In the solutions studied here agrees with the predictions of the binary 
121 
coll ision model of F i s c h e r et al for energy relaxation. Th is 
reinforces the proposal that energy relaxation Is important for 
these solutions and that energy levels are depopulated through binary 
col l is ions. 
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Reorientutional correlation functions C j j , ( / ) for the degenerate ( E ) bands of liquid acetonitrile ( C H 3 C N ) have been 
computed using NMR spin-lattice relaxation data (for C D 3 C N ) and gas phase Raman band profiles, assuming that the 
rotational diffusion model is valid. The effects of both anisotropic rotational motion and of Coriolis coupling are included. 
The predicted correlation functions along with those calculated using the classical "free" rotor equations, have been com-
pared with those obtained from the »$ (Raman) ami i / g tlR and Raman) experimental band profiles. It is shown that, 
despite the simplicity of the model and'obvious (understandable) discrepancies at short times, sensible conclusions may be 
drawn. This work represents a starting point for the testing of more complicated models for reorientational motion in 
dense phases. 
1 . introduction 
The investigation of vibrational relaxation and 
molecular reorientational processes in (simple) mole-
cular liquids using spontaneous Raman scattering and 
infrared absorption spectroscopy has recently gener-
ated a considerable literature [1—4]. Most publica-
tions have described studies on the parallel bands of 
symmetric top molecules since, in this case, separa-
tion o f vibrational and rotational contributions to 
the overall band profile.is relatively straightforward 
[1,2] (although by no means without its difficulties). 
One o f the molecules most extensively studied in this 
way has been acetonitrile [5—9j (a full list is given in 
ref. [5 ] ) . Despite the interference of overlapping hot 
bands (9) and the apparent complexity of the mole-
cular dynamics, a great deal of useful information has 
been obtained and a number of different theoretical 
approaches 110—13] to the prediction of the dynamic 
properties have been tested. 
The study of depolarised Raman bands of sym-
metric top molecules (point groups C 3 v , D 3 or D 3 j ) 
belonging to symmetry species other than A t , is con-
siderably more difficult [1,2,9] and relatively little 
work has been reported [ 1 4 - 2 8 ] . The additional 
difficulties [10,19,23] may be summarised as follows: 
( i ) The separation of vibrational and rotational 
contributions to the band contour is impossible using 
the standard (Raman) technique [28] . 
( i i ) The Raman band profile is the sum of two 
components (see below) each of which contains a 
different vibrational and rotational contribution. 
(i i i ) The band shapes are strongly influenced by 
first order Coriolis coupling. 
Nevertheless, it is very important that such bands 
are studied, not least because the parallel rotational 
(spinning) motion of the molecule only affects the 
relaxation of bands for which the transition moment 
is perpendicular to the symmetry axis [14,24]. In 
this paper we therefore present the initial results of a 
0 301-0104/81/0000-0000/S02.50 ©North-Holland Publishing Company 
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study of tiie degenerate (V.) bands, i ' 5 and pt of liquid 
acetonitrile. Wc have used the experimental NMR 
spin—lattice relaxation limes [30--33J (which are 
sensitive to both spinning (il')and tumbling (1) mo-
tions) in order to predict (tiding an anisotropic rota-
tional diffusion model) the rotational contribution to 
the overall profiles of infrared and Raman bands. The 
relative intensities of the two components of the 
Raman bands, determined by the relative magnitudes 
of the polarisability matrix elements associated with 
these components [23] , have been estimated from 
vapour phase measurements. Our approach is similar 
to that of Gilbert et al. (19] ( f o r N F 3 ) a n d of Arndt 
and McClung [23] (lor C 6 H 1 2 ) . 
2. Theoretical 
2.1. Vapour phase spectra 
The effects of Coriolis coupling on the vapour 
phase degenerate (Y.) Raman bands of symmetric top 
molecules have been discussed in detail elsewhere 
[19,34,35] so only the essential outline is given here. 
There are two sets of K transitions with selection 
rules AK =? ± I and ±2 for a given J transition (with 
AJ = 0 , i 1 , ±2). The lelative intensity,x/(l -x), o f 
the two sets of transitions is controlled by the differ-
ent components of the polarisability tensor [23] and 
is not known. The rotational fine structure of each 
degenerate band is therefore controlled by the ratio 
x / ( l - x ) a n d by the Coriolis coupling constant, {. In 
general, it is difficult to determine the two parameters 
from the band contour alone although this has been 
attempted previously 129,37]. In the case of P% and 
t>8 of acctonitrile the J; constants are known from 
infrared [38] and microwave [39] measurements so 
only the intensity ratio needs to be determined. This 
is achieved (sec section 5.1) by fitting to the observed 
spectrum. The Q branches are sometimes resolved, 
expressions lor their spacings being given in a first 
order j;.\Dro.\iriution by [34] 
( P R ) y A = 2 H ( l - J ) • - /?] , for AAJ = ± l , ( t ) 
(OS)yA. = 4[,1(l +$12)-B}, for AK = ±2. (2) 
Theoretical band contours were, in fact, calculated 
using a programme similar to that of Masri and 
Williams [40] . Use is then made o f the expected 
identity of the or/(I - x ) ratio in vapour and liquid 
states | 1 9 J 6 ] . 
2.2. Liquid pltase spectra 
For the degenerate bands of a C3v molecule, in the 
(Dcbye) rotational diffusion l imit , the rotational cor-
relation functions [10,19] are given by, 
G i l . U O ^ e x p J - l C j T i + d - tfCjlriL,]/}. (3) 
for the infrared spectrum (/ = 1), and by 
Gg\(» = x c x p { - [ S C J ' T L +(1 - B ' G S i L ] / } ( 4 ) 
+ (1 - j r ) e x p { ~ [ 2 a i j r ^ + 4 ( l * ^ u j S r J j f } , 
for the Raman spectrum (/ - 2). 
The parallel and perpendicular components o f the 
angular frequency arc given by [ I 9 | 
C2 = A77/,, kT/rx. (5) 
These frequencies are also used to define the relevant 
(classical) rotational second moments, A / ^ f c > , given 
by 
M 2 R , ) = 5 * 7 7 V + ( I _ D « t r / / „ 
J t f & 2 ) = 2*7// , + (1 + */2) J 4*77/, 
(6) 
(7) 
(8) 
The angular momentum correlation times i t , and r j j 
are related to the times between collisions assuming 
that tumbling and spinning motions are controlled by 
different dynamic parameters (for anisotropic probe 
molecule rotation). l x and / s are the moments of 
inertia perpendicular and parallel to the symmetry 
axis (these values [411 arc given for acctonitrile in 
table 1). In the small angle diffusion limit [10] it is 
usual to define separate diffusion coefficients for the 
Table 1 
Moments of inertia for C H 3 C N and C D j C N fg c m 2 ) 
I* 
C H j C N 
C D j C N 
91.2 X I t r 4 0 
106.8 X I 0 - 4 0 
5.4 X l O " 4 0 
10.9 X 1 0 - 4 0 
177 
T. Men et al. / Molecular motions and vibrational relaxation in acetonitrilc. VII 20S 
two rotations. These are giver, by 
/ > i - ( * 77 / , ) r i , (9) 
and 
Dn = (kT//z)rl (10) 
and numerical values may be obtained from NMR 
electric quadrupolc induced spin-lattice relaxation 
times using expressions of the form (30-32) , 
( J ) _ j ( 3 cos 20 - 1) 3 ^ * 0 cos*0 j s in 'Q 
T e f f 6£>jL + SDi + Z>„ + 2DL + 4Z>„ 
(11a) 
= U 3 c o s J 0 - l ) r < 2 - 0 ) 
+ 3 sin1*? C O S j 0 T ( 2 j ) + ! s i n W 2 , J ) , (1 l b ) 
wheie 0 is the angle betweei. the molecular symmetry 
axis and the electric field gradient tensor. It is proba-
bly best, however, to compare values of r f j and TJ-J 
(rather than Dx + Dn) since the latter will be different 
anyway \ i l z ± l x [cqs. (9) and < 10)|. 
In order to calculate the correlation functions of 
cqs. (3) and (4) we need the values of x, {, r£ j and 
r\j. As already pointed out the* and £ values may be 
extracted from vapour phase measurements. T£, (or 
DL) is related via the Hubbard relation [42] to the 
tumbling motion of the molecule which controls the 
rotational part of the Raman (depolarised) band 
shape of a totally symmetric ( A ] ) vibration [10): 
TI = IXI6ICTT<2-0). (12) 
TJJJ (or D| |) can then obviously be calculated by com-
bining r\j (or Di) with NMR values of 7%} according 
to eq. (11). This procedure is well established [30,43, 
44] and wil l not be repeated here. It should be noted, 
however, that in using spin—lattice relaxation mea-
surements for CD 3 CN in order to interpret the infra-
red and Raman spectra of CH 3CN one has to make an 
assumption about the relationship between the dy-
namic parameters of the normal and deuterated mole-
cule. We have chosen here to assume that the angular 
momentum correlation times are independent of iso-
tropic substitution l r w ( C D ) = r ^ t C l I ) ) and use 
0™ « ( £ " / £ » ) 0 n i (13) 
This seems to us preferable to the alternative assump-
tion that r w is isotope dependent (but that D is not). 
The r u values might be expected to reflect the differ-
ing intcrmolecular potentials (for example, for tum-
bling or spinning motion) acting on the molecule. We 
can see no reason wlty they should depend on isotope 
nor indeed why D should not change when the mo-
ment of inertia changes (in the case o f £>u by a factor 
of two). 
In order to make a first qualitative assessment o f 
the possible breakdown of eqs. (3) and (4) due to 
inertial effects (not included in the rotational diffu-
sion model) wc have calculated the expected "free 
rotational" correlation function obtained, for exam-
ple, by 
Gj?<U0 = *cxp[ -MVV< J ] 
+ ( l - x ) e x p l - ^ / t 3 ) . (14) 
The results of these computations are shown in Pigs. 
6 -8 and they show that, except at rather short times 
(<0.1 ps), the observed correlation functions show 
little sign of inertial effects and do indeed decay 
exponentially as expected from eqs. (3) and (4). We 
note that the model [45] describing inertial correc-
tions to the rotational diffusion equations requires 
that the log G/R(0 curve gives a zero time intercept 
> 1 . Our Raman data for these bands do not, how-
ever, show tlus behaviour. 
3. Experimental 
Detailed descriptions of the Raman spectrometer 
and the data evaluation procedures appear elsewhere 
[5,6,46). The spectral slit width used for the i ' s and 
the f g band were 23 cm" 1 and 1.5 c m - 1 respectively. 
To avoid truncation effects, digitized scattering inten-
sities were collected at 0.5 c m - 1 (I»J ) and 0.25 cm" 1 
( v 8 ) intervals over a frequency range o f 15 half-widths 
on the high frequency side of the band maximum. 
Vapour phase measurements were made at 80°C 
under atmospheric pressure without special equip-
ment. The slit width was 5 cm" 1 and the laser output 
power was 11 W. 
Infrared measurements on v 8 were made using a 
Perkin-Iilmer model 580B spectrometer equipped 
with digital readout of transmittance data. Variable 
temperature measurements were made witl i a stan-
dard Csl heated infrared cell and a Bcckman RHC 
Ltd. (TEM-IC) temperature controller. All the data 
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were collected between 430 and 300 cm" 1 in inte-
grated scan mode 6b which (at 380 cm" ' ) provides 
a spectral slit width of 3.cm" 1 . The parameters 
quoted here arc for data collected over a frequency 
range of about 10 half-widths on the liigh frequency 
side of the band. 
Spectral grade acctonitrile was purchased from 
Merck or Eastman. It was dried and distilled (to 
remove dust) prior to use. 
4. Data analysis 
Computation of the correlation functions was 
carried out using numerical "fast Fourier transforma-
t ion" :^he routine in the Nottingham Algorithmic 
Group library) using either the ICL 1906S (Braun-
schweig) or the IBM 370 (Durham, NUMAC) com-
puter. Deconvolution (for liquid phase spectra) and 
convolution (for the generated vapour phase spectra) 
of the instrument (slit) function were achieved using 
a gaussian "slit" profile. 
5. Results and discussion 
5.1. Vapour 
The experimental vapour phase spectrum of »»s >s 
shown in fig. 1, with a band centre observed at 3000 
cm" ' . The lughly polarized fundamental vx appears 
as a sharp line at 2942 c m " 1 . The CorioftTcoupIing 
constant £ 5 has a value of 0.062 [3f>]. It follows from 
eqs. (1) and (2) that the spacing of the Q branches is 
9.3 cm" 1 for the transitions in J with IK - ±1 and 
20.6 c m ' 1 for those with &K = ±2, and so they 
should be resolved, both spacings are observed in the 
spectrum, and indeed the best fit is obtained with 
x = 0.5 ±0 .15 given by the smoothed line shown in 
fig. 1. The experimental spectrum of vt is shown in 
fig. 2. With a Coriohs constant of 0.S78 [39J, the 
spacings of the Q branches are 0.7 cm" 1 (for AK = 
±1) and 3 i .6 cm" 1 (for AA = ±2). so only the latter 
should be resolved. However, no Q-branch spacing can 
be observed in the spectrum and it must be concluded 
that only the polarizability matrix elements associated 
with the AA' = ±1 transitions give rise to scattering. So 
the best fit is obtained with A- = 1 (the error i n x is 
about 0.15) and given by the smoothed line o f f ig . 2. 
The results for vB o f acelonitrile arc in good agree-
ment with those for vB o f the CF 3 CN analogue in 
the work of Masri [37] . In this case it was also shown 
that intensity arises only from polarizability matrix 
elements connected with the AA' = ±1 transitions, the 
vt bending vibration having a similar large positive 
value o f the Coriolis coupling constant (0.53). 
5.2. Liquid 
The Raman correlation functions for vs and the 
Raman and infrared correlation functions for v6 are 
shown in figs. 3—5, respectively. The correlation 
times obtained by numerical integration are given in 
table 2. As expected, in all cases the correlation func-
tions decay more quickly as the temperature rises. 
Table 3 gives our values of and r '^ computed from 
the correlation times for tumbling motion r ( J , 0 ) (eq. 
(12)] given by Yarwood et al. [5] and the effective 
correlation times T£J} extt acted from the work o f 
Bopp [30] . These values are subject to errors, not 
least because often several different nuclear quadru-
pole coupling constants (NQC) have been reported. 
At least two values are available [30] for both the 2 H 
(160 kHz or 172.5 kHz) and , 4 N (3740 kHz or 4400 
kHz) nuclei. This inevitably leads to some ambiguity 
in the values o f r j?} and hence in r j j and r£ , . Fortu-
nately, since T * 2 , < ^ may be obtained independently 
[5] f rom Raman data [eq. (12)] , we are able to con-
clusively deduce that, for the 1 4 N nucleus, a value of 
NQC of 4400 kHz is to be preferred since this leads 
to r ( J , 0 ) values which agree well with the Raman 
values (table 3). The uncertainty in the value o f r * 2 , 0 ) 
is then about ±0.2 ps. Uncertainty is also introduced 
due to the different possible values o f the a H coupling 
constant (see table 3) and the final possible rotational 
correlation functions are incorporated in figs. 6—8. 
It is noted that the values of T§\ (and r j j ) have been 
obtained from NMRdata [30] for the deuterated 
(CDjCN) species. Isotope effects on r j j are expected 
[43] to be small, although there is evidence [33] that 
there may be some such dependence. Since, however, 
r u values are related to the times between "coll i-
sional" events (and hence, as mentioned above, to the 
intermolecular potentials), it does not seem reasonable 
to anticipate gross changes on dcuteralion. As 
expected, r j j > ri,, reflecting the fact that the 
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l ( v ) 
3200 
Fig. 1. Vapour phase spectrum of vj and generated spectrum (smoothed line) at 80°C. 
"spinning" motion is considerably less hindered than 
that of "tumbling". This result is in contradiction to 
the results of Dull [31 ] who used an isotropic / -d i f fu -
sion model [10] and concluded that anisotropic 
reorientation in liquid ncetonitrile may be explained 
simply by the different moments of inertia. Notice, 
however, that the degree of anisotropy depends very 
much on the value of the NQC used (table 3). 
The two vibrations wi l l now be discussed sepa-
rately. I t is easily shown from eqs. (7) and (8) that for 
Hv - ) 
380 300 320 340 360 380 400 420 U 0 . 460, 480 
v [em^J 
Fig. 2. Vapour phase spectrum of eg and generated spectrum (smoothed line) at 80°C. 
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00 0 2 O i 0 6 0 8 10 12 
0.0 i ' ' ' L-
-1.0-
o.o \o 2.0 ao 4.0 
_ -2.0-
-3.0-
-4.0 
Fig. 3. Raman correlation functions of v$ at different tem-
peratures. Piom top to bottom: 249, 270, 297, 314 and 
338 K . 
"s = 0.062) the rotational second moment A f ^ 2 ) 
is about 3.5 times larger than M^V*- As a conse-
quence the second term in the rotational correlation 
- 4 0 
Fig. 4 . Raman correlation functions of v B at different temper-
atures. From top to bottom: 249, 297 and 338 K. 
-1.0-
Fig. 5. Infrared correlation functions of vg ut different tem-
peratures. From top to bottom 288, 318 and 343 K . 
function [eq. (4)] decays considerably faster than 
the first term. Since both terms have equal weighting 
factors (x = 0.5) the overall G^t(t) is expected to 
show an overall non-exponential decay and the rota-
tional band shape is the sum of two lorentzians of 
different half-widths. This means that the correlation 
function shows a "turning point" which can be ob-
served at / = 0.2 ps (figs. 3 and 6). Fig. 6 compares 
calculated rotational correlation functions (with 
associated uncertainties discussed above) with the 
Table 2 
Temperature dependence of the (full) width at half height 
and the observed correlation times for i>j and v g 
Vibration roc) fwhh ( c m - 1 ) 
Raman 
" 5 
"S 
"S 
"S 
f s 
K g 
"8 
»B 
infrared 
"8 
» g 
K g 
249 
270 
297 
314 
338 
249 
297 
338 
288 
318 
343 
35 
41 
47 
51 
57 
12.0 
15.0 
19.5 
8.5 
9.3 
11.7 
0.21 
0.19 
0.17 
0.16 
0.15 
1.05 
0.79 
0.61 
1.70 
1.65 
1.40 
181 
T. Bivn et al. I Molecular motions and vibrational relaxation In acetonitrile. VII 209 
Tabic 3 
Temperature dependence of the angular momentum correlation t i m e s r £ , and r j j 
T ( K ) r < 3 ° ) ( p s ) a > r<??(ps) b > r $ < M c > *t»<P*> 4 , < P » > b ) 
249 
270 
297 
314 
338 
2.2 
1.9 
1.5 
1.3 
1.1 
0.53 
0.44 
0.36 
0.32 
0.28 
0.62 
0.51 
0.42 
0.38 
0.33 
a > Data from ref. [ 5 J . 
b > Calculated usin.a data from ref. (30) with NQC = 172.5 kite. 
c > Calculated using data from rcf. {30] with N Q C - 160.0 kHz. 
( P » ) c > 
0.020 
0.021 
0.025 
0.027 
0.030 
0.051 
0.060 
0.063 
0.065 
0.066 
0.035 
0.042 
0.044 
0.044 
0.045 
observed data for v s . The curves based on NQC = 
160 kHz come close to the experimental one while 
a value of 172 kHz gives a function which decays too 
quickly. (The results for other temperatures are simi-
lar.) However, the uncertainty in'.v should not be for-
gotten and the results should not be over-interpreted. 
Two firm conclusions can, however, be formulated. 
0.0 0.2 0.4 0.5 0.8 1.0 U i i 
l-'ic. 6. Raman correlation function of v5 at 298 K (solid line). 
Calculated rotational correlation functions according to eq. 
(4) baicd on a 2 I I N y C of 160.0 kit/. < • ) and 1 7 2 J 
kHz ( ) . (The error bars represent the uncertainty in 
the value of r * 2 ° ) anJ the curve m:irked " I ' R " is the free 
rotor correlation function.) 
Firstly, the diffusion model appears tc produce a 
correlation function o f the correct overall shape. The 
agreement at low t is not too good but this is 
expected since i t is known [2,9,10] that the mode] is 
inadequate in this time regime (reorientation about 
the symmetry axis, in particular, is probably not dif-
fustonal). Indeed, the/-diffusion model (extended to 
symmetric top molecules [47]) would provide a more 
realistic approximation for the description o f large 
angle molecular rotations in liquids. But its usefulness 
is severely restricted by the assumption o f an isotropic 
reorientation ( T J = t y ) . Secondly, it is clear that vibra-
tional relaxation contributes only a small amount to 
band broadening — at least in the Raman spectrum. 
This is not unexpected since the largest (Raman) 
vibrational band width measured [5] for C H 3 C N is 
about 8 cm" 1 (for the c 3 band). Even this is small 
compared with the « 5 0 cm" 1 observed for v% (table 
2). The vt -(Raman) band shape is thus determined 
mainly by the effects o f rapid rotation about the C 9 
axis. Since the infrared band width [48 ] , is at least as 
large (and since the rotational correlation function, 
Grot(0> dewys m o r c slowly [1,2] - eq. (3)) , i t seems 
likely that the infrared and Raman vibrational parts 
may once again differ [ 4 9 ] . (This wil l be the subject 
of more detailed investigation in the future.) 
In the case of the f 8 band both IR and Raman 
bands have only one contribution (x * I ) and the 
effects o f rapid spinning motion are reduced by a 
high Coriolis coupling constant [39] ( | = 0.88) - eqs. 
(3) and (4). Consequently the band shapes are both 
nearly lorcnt/ian, the correlation functions decay 
exponentially (figs. 4 ,7 and 8), and the half-widths 
are much smaller (table 2). Figs. 7 and 8 compare 
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0 0 0.4 0 8 1.2 16 2.0 2.4 
t ps] 
1.0 
(FR) 
. 4 . 0 J 1 
Fig. 7. Raman correlation func t ion o f i/g at 298 K (solid line). 
Calculated rotational correlation funct ions according to eq. 
(4) based on a NQC o f 160.0 k H z ( - • - • - ) and 172.5 kHz 
( ) . (The error bars represent tlie uncertainty in the 
values o f T ^ 2 , 0 * and the curve marked " F R " is the free rotor 
correlation funct ion . ) 
0 0 Q5 10 15 2.0 25 30 3.5 4.0 
0.0 
-1.0 
t i p s ] 
(FR) 
Fig. 8. Infrared correlation functions o f at 288 K (solid 
line). Calculated rotational correlation functions according to 
eq. (3) based on . i NQC of 160 kHz ( - ) and 172.5 kHz 
( ) . (The error bars represent the uncertainty in the 
value of r ( 2 - n > and the curve marked " F R " is the free rotor 
correlation funct ion.) 
calculated and observed correlation functions, and it 
is clear that, since spinning motion gives only a minor 
contribution to the band shape, the choice of NQC 
(or r j , , ) has little influence. The calculated 6 ^ , ( 0 
decay much more slowly than the observed functions 
and clearly vibrational relaxation is much more signif-
icant than for v$. Extraction of the c\ib(0 functions 
by division shows that the situational relation r;ito 
increases with increasing temperature. This may give 
some insight into the mode of vibrational relaxation 
[3] but one also has to remember the approximate 
nature of the calculation of 6 ^ , (0 via eqs. (3) and 
(4). What is clear, however, is that for vB the vibra-
tional part of the band shape seems to be very similar 
in both Raman and infrared spectra. (T[\1 = 1.9 ps; 
T$j£ = 1.6 ps at 297 K.) This emphasises that each 
individual mode must be investigated separately when 
such differences are sought. 
Obviously further investigation of the viability of 
models for molecular rotation in dense fluids is 
needed. In particular, one needs to examine the vali-
dity of our assumption of negligible "cross" terms 
[13b,c] in rotational correlation functions of degen-
erate bands. Furthermore, it is not clear that our 
assumption of r ^ C H j C N ) = T w ( C D 3 C N ) is absolutely 
correct [33]. Nevertheless, we feel that the simplest 
model is where one should start. The results present 
here represent a step forward, in that we have recog-
nised the anisotropic nature of the rotation of mole-
cules like acctonitrile. The differences in observed 
band shape between the J>5 and vs bands are ade-
quately explained, while the comparisons of infrared 
and Raman band shapes of i ' 8 lead to perfectly 
reasonable conclusions. Furthermore, both the vibra-
tional correlation times and their temperature depen-
dence are very similar to those obtained previously 
for acetonitrile. We now plan to investigate the (rela-
tive) validity of alternative models which have been 
suggested [11,12,50] with particular emphasis on the 
short time part of the motion. 
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